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ABSTRACT
Why study adipose tissue? What significance does it have within the body?
Early anatomists believed adipose tissue to be a relatively inert tissue with a
sole purpose to support organs in the body. Growth of adipose tissue is the
cause behind obesity. If you examine the statistics related to adipose tissue you
would soon see why research is needed in this field. The World Health
Organisation has recently estimated that there are 250 million obese and 400 to
500 million overweight worldwide. The International Obesity Task Force has
shown that obesity is increasing in all societies, not just in western civilisations.
We are soon looking at the prospect of over half of the humans on earth being
overweight or obese. The worldwide cost of weight loss programs mounts up to
billions of dollars per year. Cardiovascular disease, hypertension, Type II
diabetes along with many other diseases are strongly associated with obesity.
Adipose tissue is poorly understood as an organ. The area of adipose tissue
vascular research is only in its infancy with one of the first major studies
conducted only 55 years ago. All aspects of morphology of adipose tissue and
its vasculature are insufficiently described, especially in regards to weight loss.
In comparison to the wealth of information known about weight gain, there is
very little understanding of weight loss in particular in regards to adipose tissue
microvasculature changes. The current treatments for obesity are; drug
therapies, diet, exercise and surgical intervention. All of these treatments,
however, are temporary and do not solve the underlying problem. Hence there
is a need for research into the mechanisms of weight loss and the
microvasculature of adipose tissue. For, it is the microvasculature that is
responsible for the delivery/removal of substrates to and from adipocytes
causing them to grow and shrink in size.
Despite the numerous studies and increased awareness into the many causes
and effects that adipose tissue growth has there are still areas of uncertainty.
The cellular changes that occur in adipose tissue as people become obese are
still in much debate. Moreover, the reason as to why there are such varied
responses between individuals who eat the same foods in still relatively
unexplained.
There were three main objectives in this study. Firstly, to describe the
microvascular similarities and differences between various rat adipose depots.
Secondly, to compare the changes in the microvasculature of adipose tissue in
sedentary rats with rats that had lost progressive amounts of weight through
exercising. Thirdly, to compare the cellular (number and size) changes in
adipocytes from two cohorts of mice that consumed a high fat diet with mice on
a low fat (control) diet.
Rats were perfused with Microfil and four different fat tissue sites were sampled
(mesenteric, parametrial, retroperitoneal and subcutaneous depots). The
adipose tissue was prepared using the ‘whole mount’ method and stained with a
modified Haematoxylin and Eosin protocol. Using light and stereomicroscopy
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the samples were studied from the level of the arteries that entered the fat pads
right down to the microvascular bed. Anatomical descriptions were made of
various prominent features displayed by the vasculature and compared and
contrasted between the pads that were sampled. The rats were found to display
diverse qualities in terms of their adipose tissue and vascular arrangement. All
the microvascular beds (capillaries and next order arterioles) were all similar in
all the depots displaying either ‘Y’ or ‘hairpin’ branching characteristics. The
connective tissue arrangement was distinct in each of the fat pads. There was
also the presence of mast cells and inflammatory cells in amongst the
adipocytes and capillary beds.
A model was designed whereby rats were placed in running wheel cages for
various time periods. These rats were compared with sedentary controls that
resided in normal cages but ate the same diet as the exercised rats. Tissue was
sampled from all the groups and adipocyte diameter, volume and mean
capillary diffusion distance were measured. There were differences between
rats that ran and the sedentary rat in terms of microvascular bed spatial
arrangement. Capillaries of run rats were closer together as opposed to
sedentary rats, which were further apart. A scheme was proposed for the
remodelling of the microvasculature of the fat pad in response to weight loss.
There appeared to be a relationship between the amount of time spent running
and adipocyte cell size effect but this needs further study to be elucidated.
An experiment was set up to investigate a different model of diet-induced
obesity in healthy wild-type mice. Moreover the main interest was in studying
how their adipocytes responded to dietary influences. This study was designed
to examine two cohorts of mice that consumed a high fat diet and compared
them to low fat fed control mice. The first group of mice were selected as the
quintile at the top of the distribution curve for body weight and the second at the
bottom of the distribution curve for body weight. There were significant cellular
differences in the number and size of the adipocytes when comparing the two
cohorts of high fat fed mice with the low fat fed control mice. Several possible
mechanisms were proposed to explain the cellular differences observed
between the two responses shown by the two cohorts of mice fed a high fat
diet.
All these sets of experiments provided only a taste of the information that
potentially could come with further research into adipose tissue loss and gain.
The investigation of adipose tissue has been, and still is, relatively neglected
compared with other areas of medical research. Adipose tissue gain (or
Obesity) should be known as the silent killer for it is the big underlying factor in
the development of cardiovascular disease, hypertension and type II diabetes.
There is still a lot of information to be gathered about adipose tissue before any
advances can be made towards effective therapies.
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“All matter surrounding us can be described in terms of zero, one,
two, and three dimensions. The geometrical relations that pertain to

structures in minerals and metals are equally valid for human fat cells
and air bubbles in concrete. Similarly, the problems that arise in the

interpretation of three-dimensional structures from their twodimensional sections are just as general.” Ervin E. Underwood [1]
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Chapter 1 – Introduction and General Aims

1.1 Obesity
It was estimated by the World Health Organisation in 1998 that there were 250
million obese and 400 to 500 million overweight people globally [2]. With the
arrival of the new millennium, this figure had escalated to 300 million obese
adults with an additional 18 million children aged younger than five classified as
overweight [3]. This number of overweight/obese children is alarming
considering that studies have shown that half of overweight children become
overweight adults and children raised by obese parents are more likely to
develop into obese adults [4]. Obesity is not a condition that is confined to the
western culture (where greater than one third of the population are affected)
rather it is growing in all societies in all countries [3, 5-7]. Developing countries
within Asia, Latin America, the Middle East and Northern Africa are quickly
catching up to developed nations in terms of overweight and obesity related
problems [8, 9].

What is obesity? Obesity is a chronic disease that is caused by consuming
more energy (calories) than is expended resulting in the storage of the excess
energy as fat within adipose tissue. This, at first glance, appears to be a great
evolutionary design, storing energy for times when it is most need, i.e. when
food supplies are low. But what happens if the energy supply never runs low
and the intake remains the same? Humans gain weight, significantly! The
problem arises because numerous non-communicable diseases are associated
with this weight shift. Obesity induces pathological changes in the body, which
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pose major risk factors for such diseases as: Type 2 diabetes, cardiovascular
disease, hypertension and stroke, gallbladder disease, osteoarthritis and certain
forms of cancer [10]. Hence, the financial burden that obesity places on health
care budgets world wide through weight loss programs, morbidity and mortality
of obesity related disorders is huge and amounts to billions of dollars per year
[10, 11]. For example in the United States, total expenses related to obesity was
estimated to be approximately 100 billion dollars, more than half connected with
medical costs and almost 4 billion dollars due to the cost of lost productivity [7].
This problem shows no signs of diminishing; in the United State alone, greater
than 35 billion dollars is spent on food advertising every year and the average
food intake per person is still increasing [7].

So what is to blame for the increase in the prevalence of obesity globally? The
main cause is a change in the balance between energy intake and expenditure.
There are many contributing factors however; food, physical activity and lifestyle
changes play a major part [7]. Changes in food for example, include increased
levels of fat and sugar in diets [9]. Food technology has greatly developed over
the last 50 years, allowing for the production of large supplies of high fat,
processed foods [12]. When dietary changes are incorporated into
strengthening economies and better living standards, it results in processed
food becoming cheaper and more available [4] and consumed in greater
amount.

Another contributing factor of this increasing epidemic is the shift in the amount
of daily physical activity the average person undertakes [4]. The development of
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technology has paved the way for greater production in factories and agriculture
but also caused a decrease in intensive physical labour required for
productivity. In developed countries the emphasis is now on service and
corporate related jobs, where the ‘swinging of a hammer’ has been replaced by
the ‘pounding of the keyboard’ requiring much less energy. Leisure activities
have changed also; computers and television take up most of the sedentary
hours of the day rather than participating in outside activities [12].

Obesity is the result of hypertrophy of adipose tissue, such that it contributes to
as much as half the body mass. Many people try to lose their excess weight
(adipose tissue) through diet and exercise but unfortunately around two thirds
regain the lost weight within a year and almost all regain the weight over the
next five years [13, 14]. Despite all of this, adipose tissue, as an organ, is poorly
understood. Adipose tissue for many centuries was of little interest and was
considered, by most early anatomists, as simply existing to support major
organs and to fill space [15]. Most anatomists viewed adipose tissue as being
relatively inert, with poor blood supply [16]. It was not until just over 50 years
ago that the first major study was conducted into the vascular physiology of
adipose tissue by Gersh and Still (1945). They compared the density of
capillaries of rat adipose tissue (inguinal and perirenal depots) and skeletal
muscle. They used India ink injections to label the vasculature and then
sectioned the tissue samples at 40µm for further histochemistry. Using a
planimeter and light microscope (with a camera Lucida attachment), Gersh and
Still measured surface area/volume and capillary density. They found that
adipose tissue exhibited a greater vascularity than skeletal muscle [17].
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The area of adipose tissue research is still only in its infancy. Many aspects of
the morphology of adipose tissue have been insufficiently described, particularly
the response to weight loss. Almost nothing is known about the vasculature of
adipose tissue in relation to the process of chronic weight loss. Since weight
loss is fundamental for approximately half the earth’s population to regain a
healthy life, morphological changes in adipose tissue and its blood supply
during weight loss, is the focus of this research thesis.

1.1.1 The Aetiology of Obesity and it’s Health Related Problems
Several causes of obesity have been identified, some of which are more
important than others. The main reason for the development of obesity is a shift
in energy storage due to an increase in the amount of fuel intake in relation to
expenditure. This can be attributed to sedentary lifestyle and diet. Diet,
however, can be split up into several different environments where it can have
dire effects of obesity, such as frequency of eating, dietary fat intake, night
eating syndrome, binge-eating disorders, progressive hyperphagic obesity,
psychological/social problems, socio-economic and ethnic factors [18]. Other
causes of obesity are: neuroendocrine and genetic metabolic disorders
(hypothalamic obesity, Cushing’s disease, hypothyroidism, polycystic ovarian
syndrome, growth-hormone deficiency, pregnancy and oral contraceptives),
drug induced weight gain and smoking cessation [18, 19]; obesity due to these
causes has a lower incidence than diet/lifestyle caused obesity.
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There are numerous health problems and risks associated with obesity,
including: type 2 diabetes, cardiovascular disease, hypertension/stroke,
bone/joint disorders, gallstones, pulmonary/sleep disorders, shorter stature,
reduced physical agility and increased risk of accidents and falls [20, 21].
Brusetto et al. clearly states that the accumulation of visceral intra-abdominal fat
is a major contributor to the development of these health problems. Therefore,
they believe that the reduction of visceral fat should be considered as the main
goal of any intervention program in the treatment of obesity [22]. This is also
supported by Rosenbaum et al., who maintains that upper body obesity,
especially visceral, is a significant risk factor for stroke, ischaemic heart disease
or type II diabetes [13].

The idea that visceral fat accumulation is specifically associated with various
metabolic maladies has been considered important since ‘Randle’s Hypothesis’
was first published in 1963 [23]. Intra-abdominal fat possess’ certain unique
metabolic qualities, in contrast with other sites of fat storage. Intra-abdominal
sites, particularly the areas drained by the portal circulation, (omental and
mesenteric fat depots) mobilize free fatty acids very easily due to the
predominance of β-adrenergic receptors and a smaller amount of α-adrenergic
inhibition [24]. These concepts were combined with the ideas of Randle et al.
[23] to form the ‘Portal Hypothesis’. The Portal Hypothesis suggests that unlike
other fat depots which are less lipolytically active (gluteal-femoral, shoulder and
deltoid regions) and empty directly into the systemic circulation, the fatty acids
from visceral depots flow straight to the liver, via the portal vein, before reaching
muscles. This interferes with the liver’s ability to clear insulin and its metabolism
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of lipoproteins [13]. Elevated levels of fatty acids in the portal circulation are
thought to occur at times when free fatty acid mobilization is elicited, for
example though stress, frustration, anger and smoking [24].

Recently the Portal Hypothesis has been challenged and shown to contain
flaws by Ravussin and Smith [25]. They suggest that metabolic diseases such
as insulin resistance are caused through either two possibilities: the ‘Ectopic Fat
Storage Syndrome’ or the ‘Endocrine Hypothesis’. The first possibility is based
on the idea that the ability of the adipose tissue to expand through proliferation
and differentiation of new adipocytes is somehow compromised. In addition
there maybe a defect in the oxidation of fat resulting in the hypertrophy of
adipocytes and the excess circulating fat being ectopically stored in either
muscle, liver, or beta cells of the pancreatic islets. The second possibility
involves the actions of the hormones secreted by the adipocyte itself. These
secreted factors can have potent effects on insulin sensitive tissues and
metabolism. These various paradigms go some of the way to explain the
association of obesity with its co-morbidities and provide a context in which to
apply new ideas.

1.1.2 Pathology of Obesity
Obese people have an increased energy store due to being in a positive energy
balance. This energy is stored as triglyceride in cells known as adipocytes.
These cells congregate into large depots called adipose tissue. The term
adipose was derived from the Latin adeps, which means animal fat, lard,
bombast and corpulence [16].
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Obesity tends to develop in two ways, through hypertrophy and hyperplasia.
Hypertrophic obesity is when individual adipocytes grow in volume. This tends
to be associated with the intra-abdominal fat distribution, which as previously
mentioned, is closely related to several metabolic disorders [18].

As animals gain weight however, their adipocytes grow in size until a set mass
of each is reached (roughly 0.8µg), after which new pre-adipocytes are recruited
and begin filling with lipid, hence producing a notable expansion in the number
of adipocytes (figure 1.1). This is termed hyperplasia or hypercellular obesity
[26, 27]. This kind of obesity can be observed in humans and usually presents
in early to mid childhood and can continue throughout adult life [18, 28-30].
Increased number of adipocytes is usually present in individuals who have a
BMI > 40kg/m2 [18].
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Figure 1.1 Adipose Tissue Development.
Phase 1: Adipocytes average size.
Phase 2: Weight is gained and adipocytes fill with lipid (hypertrophy).
Phase 3: Adipocytes reach a critical mass (0.8µg) and recruit pre-adipocytes
(hyperplasia).
Phase 4: Further weight gain and adipocytes expand- hence adipose tissue expands.
Phase 5: Weight is lost, adipocyte lipid volume decreases but cell number does not
decrease (this is discussed in later chapters). Phase 5 never fully reverts to Phase 1.

1.1.3 Male and Female Differences
The pattern of fat distribution in men is significantly different to that of women.
Men typically deposit fat in the upper body or abdominal region, in particular at
the nape of the neck, the epigastric and deltoid regions [31]. This has been
coined the ‘android distribution’ of fat within the body. In contrast to this,
females tend to follow a more gynoid distribution. Fat tends to fill the
subcutaneous tissues of the breasts, lower abdomen, and pubic region in
addition to the medial aspect of the lower thigh, hips, buttocks and the anterior
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portion of the thighs [31]. Compared with males, females have an average of
about three times the amount of subcutaneous fat of men, however the android
fat distribution of men has been correlated more strongly to cardiovascular
disease than the fat deposition pattern found in women [32]. Females have
been known to adopt an androgenic pattern of obesity in cases where there
have been diminished levels of estrogens in the circulation and minor elevations
of androgens [19]. Both men and women store a certain amount of fat in the
gluteal-femoral region, however these adipocytes are especially enlarged in
women and have a higher lipoprotein lipase activity [28]. The homogeneity of
distribution is different between the two sexes. Males tend to evenly distribute
the growing fat mass between the visceral and other depots in concert.
Whereas females possess a visceral protective mechanism whereby the
accumulation of fat is diminished in this region up to a certain degree of obesity
[28]. Many of the differences in regional deposition of fat between males and
females have been attributed to the differing concentrations of androgens and
oestrogen [19]. In addition, there are differing adrenoreceptor densities and
sensitivities between the two sexes, which affect the amount of uptake and
release of lipid from adipocytes [18, 28].

1.2 Weight Loss
The term weight loss has to be defined carefully, because whole body weight
can be decreased without necessarily any loss to adipose tissue. Loss of
protein (lean body tissue), water and waste (through elimination and excretion)
can also result in loss of weight. Weight loss, in this paper, will refer specifically
to the loss of adipose tissue, unless otherwise stated.
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1.2.1 Current Treatments
Weight loss considerably reduces the risk of developing a range of metabolic
diseases (as previously mentioned) and is the main drive behind weight loss
therapies. Dieting (caloric restriction) and exercise are the two most common
avenues for weight loss and the most successful at maintaining body weight
[33]. There are a number of prescription drug therapies available, they fall into
two categories: medications that decrease food intake by reducing appetite or
increasing satiety (appetite suppressants) and medications that will affect the
gastrointestinal tract (decrease nutrient absorption). A third group, less common
in use, are drugs targeted at increasing energy expenditure by modifying
thermogenesis. The Food and Drug Administration (FDA) however does not
approve of most of these drugs. The ones that are permitted only have approval
for limited use (no greater that 12 weeks).

Behaviour modification is another strategy usually incorporated into most diet
and exercise regimes [34]. This involves methodically changing lifestyle choices
in regards to modifying alcohol consumption, smoking and eliminating poor
exercise and eating habits. Surgical procedures maybe used in extreme cases
of gross obesity. The procedures include jaw wiring, lipectomy, gastric bubble,
gastroplasty, liposuction and jejunoileal bypass. There is also a range of less
conventional methods such as dehydration, starvation, acupuncture and
hypnosis [33].
Appetite suppressants work by blocking opioid receptors or by acting on the
noradrenaline and serotonin neurotransmitters. The most common and effective
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of these is Sibutramine (Reductil ®) which is a selective noradrenaline and
serotonin reuptake inhibitor [11]. Sibutramine, unlike the other appetite
suppressants, has only small though significant effects on the cardiovascular
system. Other drugs such as amphetamine, dexfenfluramine, diethylpropion,
fenfluramine and phenylpropanolamine have also been used to depress
appetite but have been found to induce cardiac arrhythmias [35].

Drugs targeted to the gastrointestinal tract modify the nutrient absorption across
the gut wall into the bloodstream. Orlistat (Xenical®) is a relatively new drug
used to treat weight gain by inhibiting lipase activity in the gastrointestinal tract.
This effectively blocks the absorption of fat into the blood stream. While this
drug is extremely effective, the side effects can be quite dire. Without
modification of the diet, high fat meals can result in uncomfortable runny oily
unformed stools [36]. Orlistat can lead to a decrease in the absorption of fat
soluble vitamins A, D and E and it is recommended that multivitamins be
consumed prior to taking Orlistat [35] [33].

Thermogenic drugs such as thyroid hormone, ephedrine and dinitrophenol have
also been used to alter metabolic rate and enhance weight loss. They are
effective at reducing weight but also reduce lean body tissue and increase the
risk of cardiac arrhythmias [37].

1.2.2 Complications with Caloric Restriction and Exercise
Weight loss through caloric restriction alone causes basal metabolism to drop
around 8 – 22%, due to the loss of metabolising tissue, making it hard to
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maintain the weight lost [13]. In addition lipoprotein lipase levels increase,
rendering the body more efficient in breaking down lipoproteins to free fatty
acids for storage in adipocytes.

Only approximately 5% of people who adopt any weight loss program
successfully lose weight and then maintain that weight [38]. Commonly, around
one third of weight lost is regained within a year of cessation of dietary
restriction. With that total weight lost commonly regained within 3–5 years [13,
14] (figure 1.2).

Figure 1.2 Obese subjects initially lost weight through caloric restriction and were then
followed up over a period of nine years.

A return to pre-weight loss levels was recorded in 95% of the individuals. The 102
subjects consisted of 93% males who loss on average 28.6kg through severe caloric
restriction over a minimum of 8 weeks. Only 7 subjects out of this group remained below
their initial weight at the end of the follow up period [14].
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In addition, the weight gained post-dietary intervention is usually more than the
original weight lost. Sadly for the individual, the weight that is regained is
primarily adipose tissue and the weight that was lost is usually a combination of
both adipose and lean tissue. Hence the overall effect of weight loss programs
is not only an increase in overall body mass, but also an increase in the
percentage of body fat mass [38]. This type of weight loss and regain is coined
“yo-yo dieting” or “weight cycling” and can impose increased risk for upper body
fat deposition. Still obese individuals are encouraged to attempt a weight loss
program with a strong emphasis on ensuring that they adhere to it [38].

Exercise in combination with caloric restriction can be more successful than just
dieting on its own [34, 39, 40]. Exercise promotes the sparing of lean tissue,
increases the energy expenditure, increases resting metabolic rate in response
to caloric restriction and increases the thermic response to food [37, 41].

1.2.3 Pathology of Weight Loss
There is considerable information known about weight gain, yet relatively little in
regards to weight loss. During periods of weight loss brought about by
starvation, exercise, diet modification or surgery, adipocytes reduce in size due
to the liberation of lipid [30, 40]. The current thought is that when this happens
that it is only the volume of the adipocyte that is dynamic and that number
remains static [29, 42] (reviewed in a paper by Prins and O’Rahilly [43]). It
would be rather naïve to accept this as absolute when most other cells in the
body undergo either a process of necrosis or apoptosis at some point. There
have been three studies however that show a slight decrease in adipocyte
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number after loss of body fat [44-46]. One of the studies looked at the effect of
diabetes (induced by a streptozotocin injection) on adipose cellularity [44].
Geloen et al. estimated total cellularity by DNA content of the adipose tissue.
This however could never return an accurate result because the measure of
DNA would not just include mature adipocytes but also immature preadipocytes.
The two other studies examined obese individuals that underwent a period of
intervention (diet or surgical procedure) [45, 46]. The results from these studies
only showed a slight decrease in cell number and were not sufficient to account
for the amount of weight lost in the interventions. In the Sjostrom and Olsson
paper their conclusions about decreasing cell number was drawn from a rather
weak correlation that existed between body fat and fat cell number. Hirsh et al.
stipulate that weight reduction (even short term) is always accompanied by
severe decrease in cell size [47]. This has also been seen in work done by
Miller et al. who showed that in fasted rats that the adipocytes shrunk so much
that they could not be counted using the Coulter counting osmium-fixed method
[42]. The interesting thing to note was that they found no difference in cellularity
before and after fasting even with an introduced error of decreased detectability.
In regards to weight loss, it remains slightly uncertain the extent to which the
number of mature adipocytes reduces and how often this phenomenon occurs
in animals, if not at all. What is known is that the quantitative impact of a
reduction of cell number is far less than that of reduction in cell size [47].

Unfortunately for a person who has put a lot of effort into losing weight,
shrunken adipocytes easily refill when there is an excess of energy intake
(offset against expenditure) [42]. Apoptosis is an active process of cellular self-
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destruction involved in both normal and pathological tissue changes. A review
of the literature is consistent with the notion that apoptosis of adipocytes can not
be induced in vivo through regulation of energy balance [30, 40, 48].

Leptin is a circulating hormone secreted by adipocytes, which regulates satiety
and energy expenditure [49]. It acts on the hypothalamus [50] and also has
regulatory actions on sympathetic nervous system stimulation and
thermogenesis [49]. Leptin has also been shown to stimulate angiogenesis in
animal models [49, 51]. Administration of leptin either by injection or via an
adenovirus vector causes massive loss of lipid and shrinkage of adipocytes, but
no loss of cell numbers [52-54]. Surprisingly, the vasculature supplying the
adipose tissue in these studies was preserved. This however, may have
something to do with the angiogenic qualities of the administered leptin, as
reported previously.

1.3 Brown and White Adipose Tissue
Adipose tissue is divided up into two types, brown adipose tissue (BAT) and
white adipose tissue (WAT). As the name suggests, the two types of adipose
are different in colour. BAT depots have a brown hue and WAT corresponds
with depots that are white. The colour of BAT depots is mostly due to the large
amounts of cytochrome oxidase, which give the cells their brown tint [55].
Varying amounts of BAT however can be found in depots of WAT [56]. BAT is
both functionally and histologically different from WAT. WAT consists of
unilocular adipocytes, which contain very large lipid vacuoles (figure 1.3a). The
lipid accumulation is so large that the nucleus is displaced to an eccentric
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position. This results in the nucleus becoming flattened and incorporated into
the thin rim of cytoplasm that encompasses the lipid [55]. Adipocytes are
spherical when isolated, but polyhedral when packed together as white adipose
tissue [55]. BAT is made up of multilocular adipocytes (figure 1.3b) [57], which
are smaller than WAT adipocytes but contain numerous lipid droplets [55]. The
nucleus of BAT adipocytes is usually in an eccentric position, as in WAT, but is
not flattened. Metabolically speaking, BAT is composed of adipocytes rich in
mitochondria and functions as a site involved in heat production (non shivering
thermogenesis – NST). In hibernating animals, BAT is responsible for over half
of the heat production during NST, but its importance to humans is poorly
understood [16]. WAT is the main constituent to total body fat and can be found
in many locations, whereas BAT is present in humans during foetal life but
diminishes during the first decade after birth and becomes relatively minuscule.
In humans BAT can be found in small deposits around the kidneys and adrenal
glands, large vessels in the neck and the pericardium. In rats BAT is commonly
found in the interscapular region. Both WAT and BAT are richly innervated [58]
and contain extensive vasculature [59, 60]. During intermittent cold temperature
(-300C) exposure, Loncar and co-workers show that cat WAT began to display
similar characteristics as BAT with increased vascularization and mitochondrial
density [61]. In obese animals, it is the WAT that increases in number and size
[56].
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Figure 1.3 White and Brown Adipose Tissue
A – A low power photomicrograph of White Adipose Tissue (stained with Haematoxylin
and Eosin) showing the unilocular adipocytes. The nucleus is often flattened and pushed
to one side of the adipocyte (from “Histology: A text and Atlas” [55]).
B – A low power photomicrograph of Brown Adipose Tissue (stained with Haematoxylin
and Eosin) showing the mutlilocular adipocytes. Notice how the adipocytes vary in the
amount of lipid contained in the vacuoles (from “Histology: A text and Atlas” [55]).

1.4 Adipose Tissue and Blood Vessels
Adipose tissue vascular research, relative to other areas of medical research, is
still in its infancy. But its importance in obesity research grows each year as
researchers explore it further. A better understanding of the intricate relationship
between its microvascular supply and the adipocyte may help to unlock part of
the mystery of weight loss and weight management.

1.4.1 A Brief History of Blood Vessel Research in Adipose Tissue
As reviewed by Crandall, Toldt who noticed that adipocytes were always seen
in association with vasculature [32] observed adipose tissue growth as early as
1870. After Toldt’s initial work, adipose tissue was neglected for a long time and
the studies of the importance of its vasculature were shelved for decades. One
of the earliest foundational studies conducted into the vascular physiology of
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adipose tissue was by Gersh and Still (1945). They compared the density of
capillaries of adipose tissue with skeletal muscle in the rat, finding that adipose
tissue exhibited a greater vascularity. They measured vascularity in terms of a
surface area to volume ratio (cm-1) and adipose tissue was found to contain a
total capillary bed one third greater than muscle [17]. The next 50 years saw
numerous experiments incorporating new techniques, such as microspheres
and radioactive Xenon solutions for the measuring of blood flow [62-66]. During
this period some major discoveries were made about adipose tissue blood
vessels [67] and more specifically the hemodynamics and capillary filtration
coefficients of the adipose tissue vasculature [68, 69].

1.4.2 Fundamentals of Vasculature in Tissue and Microcirculation
There are two main components of the circulation within the mammalian body.
The smaller pulmonary circulation conveys blood to the lungs for gas exchange
with the atmosphere and the larger systemic circulation supplies and drains all
the organs and tissues of the body [70]. Only the systemic circulation will be
discussed in the chapter, with greater attention to the microvasculature.

The arteries that supply blood to the tissues have elastic walls containing elastin
and collagen plus varying proportions of smooth muscles cells [55]. This allows
the vessels wall to stretch and contract, hence regulating local resistance and
so blood pressure. The veins that drain the blood from tissues are commonly
thin-walled vessels that contain relatively smaller amounts of elastin and
smooth muscle compared to the corresponding arteries supplying the same
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tissue bed [55]. These properties allow for greater distensibility and hence
storage of large volumes of blood on the venous side [70].

The pressure of blood is affected by the calibre of the vessels through which it
flows because the dimension of the tube dictates its resistance.
Poiseuille’s Law describes this

F=

( P1 − P2 )πR 4
8 LN

Where F is flow rate, (P1 – P2) is drop in pressure, R is radius of the tube, L is
length of the tube, and N is the viscosity of the fluid. Blood flow therefore
through a system of tubes of finite diameter inevitably results in a pressure drop
along the way [71]. Resistance to flow varies inversely to the forth power of
vessel radius. Therefore a small alteration in the diameter of the vessel will
have an extreme effect on the pressure.

In a system of branched vessels, flow is a function of the subsequent branches
and the local resistance. However the sum of the blood flow in a cross-sectional
area - in a microcirculatory bed – will remain fairly constant. The amount of
blood travelling to different parts of the body is determined by the calibre of the
arterial branches leading to them. Therefore, the diameter of the supplying
artery is proportional to the maximum blood flow required by the tissue [71].
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In essence, the most important part of the vascular system is the
microcirculation for it is at this level that the system fulfils its ultimate objective,
the exchange of water, nutrients, gases and waste material between the blood
and the cells. The microcirculation is made up of small, highly muscular feed
arteries known as arterioles. These are a dense interconnected bed of thinwalled vessels called capillaries for exchange of elements and small collecting
vessels termed venules, which drain into the venous circulation [72] (figure 1.4).
Metarterioles branch off the arterioles at approximately right angles and may
serve to provide a more direct path through to the venules. At this branching
site a thin band of muscle known as the precapillary sphincter encircles the
vessel and serves as the main control over capillary bed blood flow [70].
Arteriovenous anastomoses (AVA) also serve to shunt blood directly from the
arterial to venous circulation in the microvasculature through wide bore
channels under neurogenic control. However these are mainly found in regions
where thermoregulation is required, for example, in the skin [55].
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Figure 1.4 The generic outlay of a microcirculatory bed (from “Circulatory Physiology –
the essentials” [70]).

Capillaries are short, narrow tubes (of about 5-10µm in diameter) made up of a
single endothelial cell layer with a basement membrane with no surrounding
smooth muscle. Different types of capillaries are found within the
microcirculation of various tissues in the body (figure 1.5): continuous (most
common), fenestrated, discontinuous or lymphatic capillaries [72].
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Figure 1.5 The various types and characteristics of capillary wall endothelium (from
“Circulatory Physiology – the essentials” [70]).

Continuous capillaries contain endothelial cells with no identifiable intercellular
openings. They are either found to be flattened as in the case of nerve, muscle
or adipose tissue and contain more cuboidal endothelial cells as commonly
seen in lymph nodes and the thymus gland [55]. Fenestrated capillaries have
small trans-cytoplasmic gaps that are either closed or open. The closed subtype can be found in the intestinal villi or endocrine glands and the open subtype found in the renal glomeruli [55]. Discontinuous capillaries have
endothelium with large intercellular gaps. They are commonly referred to as
‘sinusoids’ and typically found in the liver, bone marrow and spleen [55].
Lymphatic capillaries are highly permeable vessels consisting of endothelium
that lacks a continuous basal lamina [55].
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The flow velocity of blood is at its slowest in the microcirculation due to the
increase in cross-sectional area of vessels (figure 1.6). This is optimal for
exchange and because of the large number of capillaries; individual tissue cells
are hardly ever more than 40 – 80 µm from a capillary wall [70]. This raises
issues for cells that have a greater diameter than this distance.

Figure 1.6 The sum of the flow across a cross sectional plane in a system of vessels is
constant. The local resistance determines the flow distribution to each vessel (from “The
Pathway of Oxygen” [71]).

Transcapillary exchange can be affected in numerous ways. These can include:
1. The capillary surface area.
2. Physical characteristics of the capillary membrane.
3. The shape, molecular characteristics (e.g. lipid solubility) and size or the
substance being transported.
4. The balance of hydrostatic and colloid osmotic forces across the
membrane.
The movement of fluid and substances across the capillary wall generally
occurs by either diffusion or filtration [73]. Diffusion can take place either via
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intercellular pores, which reportedly look like slits, or else through the
endothelial cell membrane. Lipid-soluble materials can rapidly diffuse through
the bi-lipid membrane of the endothelial cell with little hindrance whereas watersoluble substances are limited to diffusion through the intercellular pores [70].
The diffusion of water-soluble molecules is further promoted through the
physical process of filtration. Filtration/absorption across the capillary wall is due
to the balance of restricted diffusional exchange of macromolecules (globulins
and albumin) and trans-wall hydrostatic pressure [70]. A colloid-osmotic
pressure difference exists across the capillary wall due to a restricted
macromolecular permeability and concentration differences in such molecules
on either side of the endothelial cell.
The movement of fluid is summed up in the following equation modified from
Starling’s Hypothesis (later verified by Landis) that showed net force tending to
result in efflux of fluid from capillaries [70, 72].

F = ( P)( S )[( Pc − Pi ) − σ (π p − π i )]

Where:
F – the net movement of fluid
P – is the specific permeability of the capillary
S – is capillary surface area perfused
Pc – hydrostatic pressure of the capillary

Pi – hydrostatic pressure of the interstitial fluid
σ – capillary reflection co-efficient
!p – colloid osmotic pressure (plasma)
!i – colloid osmotic pressure (interstitial fluid)

If the flow (F) is positive, then the fluid will pass out of the capillary. However, if
the flow is negative the capillary will reabsorb the fluid. At the arterial end there
is a greater hydrostatic pressure relative to osmotic pressure and hence a net
movement of fluid into the tissues from the capillary (filtration). At the venous
end there is an excess of osmotic pressure relative hydrostatic pressure
resulting in an overall flux of fluid back into the capillary (re-absorption) [70, 74].
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In reality, whole perfused capillaries may be filtering along their whole length
whilst at the same time others may be absorbing. Thus the net filtration and reabsorption reflects the activity of a group of capillaries [70] (figure 1.7)

Figure 1.7 Trans-capillary filtration; the arrows demonstrate the net movement of fluid
(from “Circulatory Physiology –the essentials” [70]).

Lymphatic capillaries, as seen in figure 1.7, are present where any
microvascular bed is found [55]. They exist as a secondary means of interstitial
drainage [75]. They are porous, blind-end, thin-walled vessels consisting of
endothelium without a basal lamina [55]. Their macromolecular permeability is
much higher compared to blood capillaries rendering them much more effective
at removing protein rich fluid from the interstitium. These lymph capillaries join
serially together to form larger vessels, eventually forming the two largest
lymphatic vessels within the body- the thoracic duct on the left side and the right
lymphatic duct [55]. Lymph flow is slow because it relies on the segmental
muscular pumping action and compression of vessels for fluid propulsion. Flow
of the protein rich lymph is unidirectional and a system of valves prevents back

Michael Cartwright – MSc (Honours) Thesis

27

flow [70]. The two main lymphatic vessels drain back into their respective
subclavian/internal jugular veins [70]. Along the path of the lymphatic vessels
are nodes, which contain high concentrations of immune cells that act like filters
removing foreign particles. Eg. Bacteria [75].

According to Weibel, the architecture of the microvascular bed obeys a set of
rules [71]:
•

The capillary wall is continuous in order to keep most of the blood in the
vascular compartment, but it is very thin which allows exchange of
substrates.

•

The geometry of the capillary bed is dictated by the shape and
arrangement of the cells it supplies. They are either run in random,
preferred or parallel directions (figure 1.8).

•

The density of the vascular bed is proportional to the metabolic demands
of the cells it supplies, with respect to oxygen and other substances
delivered by the blood.
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Figure 1.8 Orientation of Capillaries.

According to Weibel, capillaries follow three main patterns: random, preferred and
parallel, depicted by these cartoons. The grey shading indicates the various
arrangements these patterns form when cross-sectioned (from “Stereological Methods”
[76]).

1.4.3 Capillary Development and Adipocyte Hypertrophy
Understanding the growth and development of the microvascular bed is
essential for the comprehension of the relationship between blood vessels and
adipocytes in terms of the function, storage and mobilisation of lipid.

1.4.3.1 Vasculature in Developing Adipose Tissue
Adipogenesis/angiogenesis relationship: Which occurs first, the vasculature or
the adipocyte? The answer to this question could be depot specific. Two studies
conducted by Hausman on developing pigs found that the arteriolar
development clearly came before obvious adipocyte development in the
perirenal depot. While the reverse was true in the subcutaneous depot [77, 78].
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It is also interesting to note that the perirenal depot had a much higher density
of capillaries than the subcutaneous depot [79]. The reason(s) responsible for
this depot dependant pattern of vascular development is still unknown [16].

The adipocyte, endothelial origin: The origin of fat cells has been the subject of
continuous discussion. It was first suggested that the adipocyte was derived
from an undifferentiated mesenchymal cell, which also could give birth to
endothelium, pericytes, fibroblasts, chondroblasts and osteoblasts [80]. The
current view is that perivascular cells differentiate into pre-adipocytes as
endothelial cells differentiate to form adipocyte-associated capillaries [16, 80].

Connective tissue and angiogenesis: The amount of established connective
tissue may play a role in the development of the adipose tissue vasculature.
Hausman showed in a series of studies on foetal pigs, that the size of the
capillary bed was inversely associated with the amount of connective tissue
deposition [79, 81, 82], hence, suggesting that dense connective tissue
establishments can subdue adipogenesis indirectly by physically impairing the
development of capillaries [16].

1.4.3.2 Capillary Modifications during Adipose Hypertrophy
Hypertrophy of adipocytes causes several structural changes to occur in
capillaries. Initially, adipocyte capillaries are very tortuous, containing typical
organelles and have a vessel lumen around 4-10µm. As the adipocytes rapidly
expand in size, the capillary walls become thinner with fewer organelles,
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resulting in the capillaries becoming straighter and the diameter of the vessel
lumen decreasing to 2-4µm [83-85].

1.4.3.3 Angiogenesis in Established Adipose Tissue
Adipose tissue stimulation of angiogenesis: It is well known, but poorly
documented, that during adipose tissue growth, angiogenesis occurs [16].
Adipose tissue itself has been shown to stimulate angiogenesis. In a study by
Crandell et al. it was found that angiogenic growth factors were present in
adipose tissue biopsies from obese humans [86]. Therefore, another fruitful
avenue of research could be to study the control of angiogenesis as a means of
controlling adipogenesis in order to prevent obesity at its onset. This has been
partly attempted by Rupnick et al. who were interested in the angiogenesis of
tumour growth [50]. They applied similar theories established for vascularisation
of tumour growth to the expansion of adipose tissue, since it is one of few
tissues that continue to expand throughout most of adult life [87]. By
administering various anti-angiogenic compounds to different models of obesity
found in mice, Rupnick and co-workers were able to bring about dosedependent reversible weight loss. In addition to this, they demonstrated
decreased vascular endothelial proliferation and increased apoptosis in relation
to the control group [50]. The main issue with this research was how much of
the anti-angiogenic drugs were actually specifically targeting adipose depots
and not other metabolising tissues.
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1.4.3.4 Diffusion Distances
The interstitium between individual adipocytes is quite small in relation to other
cells found else where in the body [31]. The intercellular space through which
the microvasculature travels in adipose is approximately 10% smaller than in
other tissues [31]. Hence, relatively speaking, the diffusion distances between
capillary and the adipocyte is especially small, a feature that should be taken
into account when describing the metabolism of fat [31]. There is very little
literature describing diffusion distances in adipose tissue and the relation of this
to metabolism. In contrast, skeletal muscle has been extensively studied in
terms of capillary diffusion distance and its association with oxygen/nutrient
delivery [88-92]. The information of vascular diffusion distances in adipose
tissue comes from studies conducted over 60 years ago; Occhipinti noticed in
injected preparations of adipose tissue that capillaries formed “polygonal” meshworks with intercapillary distances of approximately 50 to 60µm [93]. Three
years later it was seen that capillary meshes often surrounded single adipocytes
[94].

1.5 Overview of Adipose Tissue Blood Flow
A critical factor in the deposition of lipid, or its use as a source of energy, is an
adequate flow of blood to and from the adipocyte [16]. Profound hemodynamic
adaptations can occur as a result of excessive adipose tissue development,
including increases in blood volume, cardiac mass, peripheral systemic
pressure and cardiac remodelling [16]. Past research by Rosell et al. showed
that the average blood flow to adipose tissue, in a number of species, ranged
from 3 to 30ml/min/100g of tissue [68]. Because the adipocyte can either
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increase or decrease in volume during the deposition or mobilisation of lipid, the
number of cells per unit weight can vary greatly. Therefore, adipose tissue
blood flow should perhaps be expressed in terms of cellularity of the tissue, or
simply as perfusion per cell [32]. Therefore, blood flow to adipose tissue should
perhaps be viewed from a new level – the microanatomical level.

1.5.1 Anatomical Location
There are significant interdepot differences in blood flow rate and metabolism of
adipose tissue. The mesenteric depot has a very high flow rate per gram of
tissue, whereas most other depots (eg. Retroperitoneal, inguinal,
subcutaneous) have much lower flow rates [66]. The mechanisms behind these
different patterns of flow are poorly understood, however, the idea that there are
differences in the degree of vascularity and innervation has been suggested
[66]. In addition, blood flow can also be affected by hormone and substrate
levels (derived from both adipocytes and other body cells) that are involved with
lipid metabolism [16, 65, 66].

1.5.2 Food Intake
The influence of nutrients on adipose tissue blood flow has been of particular
interest since carbohydrate and lipid content of the diet can considerably raise
the substrate supply required for triglyceride synthesis in adipocytes. Therefore,
changes in adipose tissue blood flow due to dietary condition could influence
the pattern of lipid deposition [65]. Caloric intake is a major contributor to the
determination of blood flow to adipocytes [65]. Adipocyte blood flow increases
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with both acute and long term fasting, but the amount to which the perfusion is
affected is depot-dependant [16, 32].

1.5.3 Fat Cell Size and Number
West et al. noticed that there are differences in fat cell sizes between depots in
lean rats but not in obese rats [66]. Adipocytes from the epididymal depot were
the biggest whilst the mesenteric depot contained the smallest. There is an
inverse relationship between resting blood flow and fat cell size [66]. In rats, this
basal flow to subcutaneous adipose tissue is approximately 30pl/cell/min.

1.5.4 Lean versus Obese
It was demonstrated by West et al. that overall blood flow (expressed per gram
of tissue) in obese rat adipose was reduced in relation to lean rat adipose
depots. The only exception was the mesenteric depot, which still had elevated
blood perfusion [66]. When flow is expressed as a function of cell size and
number, basal adipocyte blood flow remains relatively uniform as cells increase
in size during lipid deposition [95].

1.5.5 Exercise
Exercise uniformly increases blow flow in adipose tissue in all species. In a
study by Bulow et al. on dogs during exercise, perirenal, mesenteric and
pericardial depots had higher flow rates (30ml/100g/min) than inguinal and
subcutaneous adipose depots (10ml/100g/min). This phenomenon is also
reflected in humans [63, 64]. Prolonged exercise promotes the lipolysis of
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adipocyte triglyceride stores to liberate free fatty acids for oxidation in working
skeletal muscle [37, 64]. Free fatty acids can provide up to 90% of the total
energy source during endurance exercise, with up to 50% of this being derived
from adipose tissue, hence, adequate perfusion of adipocytes during endurance
exercise is crucial [37, 63].

1.6 Innervation of Adipose Tissue
It has been established that sympathetic nerves can mobilise and modulate lipid
stored in adipose tissue. However, the evidence to support this claim is chiefly
based on results gathered from in vitro experimentation. Youngstrom and
Bartness injected a viral retrograde tract tracer into fat pads of Siberian
hamsters and showed that there were projections from the sympathetic ganglia
in the spinal cord to the injected fat pad [96]. In addition to this evidence,
another study by Cousin et al. found that denervated fat depots were on
average 10% heavier than the identical untouched contralateral depot hence
implying impaired lipid mobilisation [97]. Adipose depots exhibit marked
enlargement when sympathetic tone is decreased, suggesting that
catecholamines could play a part in inhibition of hyperplasia in adipocyte
precursor cells [97]. This has been supported by results showing that the
proliferation of preadipocytes was inhibited by noradrenaline [98].

Youngstom and Bartness confirmed the direct anatomical innervation of
adipose tissue by injecting fluorescent anterograde tract tracers into the
sympathetic chain ganglia [96]. Rings of fluorescence where seen surrounding
individual adipocytes in the pads. Another study conducted by Rebuffé-Scrive
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with rats showed the direct innervation of the vasculature and adipocytes using
confocal microscopy [99].

1.7 Current Techniques of Assessing Microvasculature Architecture
There are several techniques that can be used to investigate the
microvasculature architecture of various tissues. Some over the past 20 years
have been popular, such as corrosion casting and India ink injections. Although
all the methods that have been developed and used over the years have
worked well and served their purpose in the respective studies, not all them
would be suitable for the study of adipose tissue in terms of providing enough
relevant information.
1.7.1 Vascular Corrosion Casting
This technique involves perfusing either the entire vasculature of a euthanased
animal or a region of the animal with a liquid acrylic resin mixture. Once the
resin is set, the section of interest is removed and the tissue corroded away
using a strong alkali (30% KOH) solution. It is then sputter-coated with gold for
scanning electron microscopy [100-102]. The major disadvantage of this
method is that there is no information about the tissue that surrounds the
vessels since it has all been dissolved away. In the case of adipose tissue,
seeing both vasculature and adipocytes was paramount for the current study.
1.7.2 Stains, Gelatine and Microfil
This method uses dyes such as India ink [75, 103] and Evans blue [104] either
dissolved in a warm gelatine solution [105] or diluted in colloid-containing saline,
which is then perfused through the vasculature. The animal is then plunged into
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an ice bath for 20 – 30 minutes until the gelatine sets [106]. The sample is then
removed and fixed for examination.

Microfil is a trade marked silicon elastomer (manufactured by Flow Tech),
whose polymerisation is initiated immediately prior to perfusion. Multiple colours
are available and it is perfused through the vasculature after a colloid saline
solution is flushed through to clear the blood [107]. It then sets after 20 – 30
minutes and the tissue is removed and fixed for examination. The tissue can
then be dehydrated in a series of increasing concentrated alcohol washes and
then place into methyl salicylate to render the tissue transparent [108]. This has
a similar effect (of apparently dissolving the tissue) as the 30% KOH step in
corrosion casting. Hence the same pitfalls apply.

1.7.3 The Whole Mount
This is a relatively new technique for adipose tissue analysis, it was pioneered
in adipose tissue by Abolhasan and Wilkinson to study the sympathetic nervous
system [58, 109]. This technique involves pinning out and stretching the tissue
and then mounting it onto a slide for analysis. Prior to this, perfusion of stains,
dyes, casts and even immunohistochemistry can be performed on the tissue to
display the vascular bed. Even in regular, unstained, immersion fixed whole
mounts of adipose tissue, the three dimensional arrangement of the vascular
supply can be easily seen because of the opaque nature of adipocytes and the
presence of erythrocytes in the vessels. This technique is usually visualised by
using either a stereomicroscope or a light microscope.
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1.8 General Thesis Aims
The broad aims of this project were to:
1. Provide a better understanding of the morphology of adipose tissue and
its microvasculature as a unit.
2. To incorporate the use of the “Whole Mount” technique (recently used to
study the innervation of adipose tissue [58]) in conjunction with modified
visualisation techniques in the study of adipose tissue vasculature.
3. To design a protocol whereby a sequential depletion of adipose stores is
induced by voluntary running in female Wistar rats.
4. To manipulate dietary intake of a group of mice to induce a state of
obesity, in order to gain a better understanding behind the mechanisms
of dietary induced weight gain.

Specific aims of this project were:
1. Describe the microvascular similarities and differences between various
rat adipose depots.
2. Compare changes in the microvasculature of adipose tissue in rats of
normal weights (sedentary) with rats that have lost progressive amounts
of weight.
3. Compare the changes in the size and number of adipocytes in mice that:
•

Develop obesity from a high fat diet.

•

Exhibit ‘resistance’ to obesity when fed a high fat diet.

•

Were on a low fat (control) diet.
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Chapter 2 – The Morphology and Microanatomy of Rat Adipose Tissue

2.1 Aims
The main aim of the work reported in this Chapter was to provide a
comprehensive overview of the microanatomy of the microvascular unit that
supplied various adipose tissue organs found in the rat. The reason for
undertaking such a task was primarily because there is no comprehensive
description of the morphology of rat adipose tissue (at any site) and its
associated microvasculature. In the past, adipose tissue has been dismissed as
being functionally inert and of little importance [16] but in light of work performed
by Gersh [17], adipose tissue and its microvascular unit is of pivotal importance,
particularly in regards to weight control [50]. A thorough description of the
vasculature of adipose tissue is of fundamental importance when further
attempting to explain phenomenon occurring at micro and macroscopic levels.
For example, what happens to the ‘adipocyte/blood vessel’ relationship when
changes occur in adipose tissue volume resulting from exercise or drug
treatments? It also provides a background in which the subsequent chapters
can be discussed. The other aims set for this particular study were to
investigate new methods of staining and to analyse adipose tissue as a whole
tissue rather than reconstructing small-sectioned planes. This was to be done
by integrating new and old technologies.
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2.2 Methods
2.2.1 Surgery
A surgical protocol was developed (described below and applied to all rats in
the study) and subsequently approved by the Animal Experimentation and
Research Ethics Committee of Wollongong University (approval number of
AE99/02).

2.2.1.1 Anaesthetics
Rats were anaesthetised with a Urethane (20% w/v in isotonic saline) (U2500,
Sigma-Aldrich, USA) solution. Extreme caution was maintained when making
up the solution and handling the injected rats during surgery (and the
subsequently removed tissue) because of its powerful mutagenic and
carcinogenic properties. The rats received an intraperitoneal (I.P.) dose of
1.5gm/kg of body weight. In most cases the rats were fully sedated after about 5
minutes, however some rats required a small additional dose (0.2-0.3ml each).
Depth of anaesthesia was assessed using the toe pinch and the corneal reflex.
On average the surgery performed on each rat lasted only 1 hour and the
amount of anaesthetic administered initially was sufficient to maintain a surgical
plane of anaesthesia until euthanasia (described below).

2.2.1.2 FITC and Microfil Perfusions
Once a surgical plane of anaesthesia had been established, the ventral surface
of the rat was completely shaved. An incision was made on the right side
slightly lateral to the trachea and the right external jugular vein was exposed by
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blunt dissection of connective tissue. A couple of drops of local anaesthetic
(Procaine Hydrochloride 2% in 2ml ampoules mixed 1:1 with 0.9% saline)
(P9879, Sigma-Aldrich, USA) were used to prevent vasoconstriction during
surgery. The vein was ligated and a small hole was cut proximally in the vessel
wall into which a pre-flushed cannular (polyethylene single lumen tubing,
Cannula Tubing: Silverwater Australia) was inserted and tied in (Dysilk γsterilised suture silk, Dynek, South Australia). Attached to the cannular was a
three-way stopcock with two syringe barrels, one containing 1ml heparinized
saline (10 units/ml) (101932, ICN, Australia) and another 1ml of reconstituted
FITC conjugated plasma proteins (see section 3.2.2 and 3.2.3). The 1ml of
FITC was slowly injected over 2 minutes (figure 2.1 and 2.2). The FITC
circulated for 20 minutes in order to allow full perfusion of the fluorochrome into
the capillaries. During the twenty minutes whilst the FITC circulated through the
body, four small amounts, approximately 0.25ml each, of heparinized saline
was flushed through the cannular. This kept the line free from clotting so that
after 20 minutes had passed a 0.5ml bolus of saturated aqueous KCl (KCL-500
AR, Fronine, Australia) could be quickly injected. This served two purposes,
firstly to euthanase the rat without bleeding and loss of FITC throughout the rat
and secondly to quickly stop the heart (within seconds) so that the circulation of
blood and FITC would be stopped immediately. The line was then removed and
the vessel quickly tied off to prevent bleeding.

Michael Cartwright – MSc (Honours) Thesis

41

Figure 2.1. This picture demonstrates the set up used for the in vivo labelling of the
capillaries using FITC bound to plasma proteins. 1ml of FITC was injected into the rat
and flushed through using heparinized saline.
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Figure 2.2 A close up view of the cannulation of the external jugular vein, the vessel used
to administer the FITC fluorochrome into the systemic circulation.

Transabdominal incision was made along the midline of the ventral surface of
the rat, approximately 100mm long (from the sternum to the base of the
abdomen). Four weighted haemostats were used as retractors to open up the
abdominal cavity. The intestines were then carefully reflected aside and the
connective tissue surrounding the abdominal aorta and common iliac arteries
were removed. All the arteries and veins on the left side of the rat (from the
diaphragm to the branching of the iliac vessels) were carefully ligated using
surgical silk thread (Dysilk, Dynek, South Australia). These included, the
renal/adrenal artery and veins, iliolumbar artery and vein, the ileo-colic region of
the mesentery and the common iliac vessels. This was done so that when the
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rat was perfused with Microfil it would only go through one side such that fat
pads could be sampled with either FITC or Microfil. Once this was achieved, the
mesentery and intestines were put back in place and the incision in the
abdomen of the rat was temporarily clamped closed in preparation for perfusion
with Microfil.

Using a scalpel, a cut was made through the skin and pectoral muscles along
the right lateral margin of the sternum to expose it. A second cut was made
from just anterior to the xyphoid process of the sternum, following the costal
margin of the last rib for about 20mm. The skin flap was pulled back and held in
position using a pair of haemostats. Heavy-duty blunt nosed scissors were used
to carefully cut through the rib cage near the sternum and then follow down
along the second cut previously made. The ribs were clamped out of the way
whilst the ligament attaching the lung to the diaphragm was cut and the right
lung was clamped and reflected onto the left surface of the chest. This allowed
for unfettered access to the descending aorta. The connective tissue and fat
surrounding the oesophagus, inferior vena cava and descending aorta were
delicately removed so as not to rupture the wall of the inferior vena cava and to
make it easier to tie in the silk sutures. The aorta was isolated and ligated just
below the arch of the aorta. A fine cut was made in the wall of the aorta, inferior
to the ligature, and a pre-flushed cannula (OD 1.45mm x ID 0.57mm) with a
flared edge (to stop it from dislodging) was inserted and tied in (figure 2.3).
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Figure 2.3 This close up picture shows where the cannula was inserted and how the
Microfil was perfused. Haemostats can be seen holding the lung back.

The cannula was attached to a pressurised perfusion apparatus (figure 2.4 a-d),
made from a modified 1-litre Schott bottle. A small cut was made into the right
atrium to allow egress of blood and perfusate. The perfusion apparatus
contained a special rat washout medium (see appendix A), which was being
warmed to approximately 30-350C on a heated magnetic stirrer. The systemic
circulation wash then perfused at 140-160mmHg pressures in the perfusion
reservoir until the washout medium emerging from the right atrium was visibly
clean of blood. This took approximately 10-15 minutes. The cannula was then
clamped using haemostats to prevent bubbles entering the line and then
transferred to a 20ml syringe barrel containing 10ml of unset Blue Microfil
(FlowTech, USA) casting liquid. The clamp was then released and the Microfil
perfused at 160-180mmHg for about 15-20 minutes or until the mixture started
to flow through the venous circulation and out of the incised right atrium and
could be visibly seen in the vasculature. The pressure was then allowed to
decay by itself by which time any remaining Microfil mixture in the syringe had
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begun to set into a gel. The mixture was then allowed to completely set (a few
hours) and then the fat tissue samples were removed.

Figure 2.4 Equipment used during perfusion of the rats with washout medium and
Microfil.

A) Shows all the equipment used. B) A close up of the perfusion bottle and rat washout
medium (with phenol red indicator) C) Demonstrates the rat being perfused with blue
Microfil casting compound D) Shows the rat having its blood being flushed with prewarmed washout medium.
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2.2.2 Removal of Adipose Tissue Samples
Bilateral samples were taken from four different adipose depots in the rats. The
anatomical location of adipose tissue was made with reference to charts
created by Eunice Greene [110] (figure 2.5). One side of the rat contained
polymerised Microfil and the other FITC. The sites that were sampled were:
•

Mesenteric

•

Retroperitoneal

•

Parametrial

•

Subcutaneous (Inguinal)

Figure 2.5 A diagram illustrating fat tissue sampling regions in female wistar rats
(drawing modified from original document entitled “Photographic Guide to Rat
Dissection” [111]).
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2.2.3 Fixing and Storing Tissue
All four samples from each rat containing FITC were immediately fixed in
buffered Zamboni’s fixative (see appendix C) and stored in 50ml specimen pots
at 40C until ready for paraffin embedding. The mesenteric, parametrial and
subcutaneous fat depots containing Microfil were then used in the Whole Mount
process. These tissues were fixed in a buffered solution of 1% formaldehyde
and 1% glutaraldehyde and stored in specimen pots at 40C until ready to be
mounted and stained.

2.2.4 Whole Mounts
Prior to fixation with a 1% formaldehyde and 1% glutaraldehyde solution, the
mesenteric, parametrial and subcutaneous (inguinal) fat pads were manipulated
for analysis of the tissue as a whole. This was achieved by mounting the tissue,
whole, onto a microscope slide, staining and viewing under light (Leitz Dialux 22
Light Microscope and stereomicroscopy (Zeiss Stereo-microscope).

2.2.4.1 Stretching tissue
Balsa wood (approximately 3mm thickness) was roughly cut to 40x30mm and a
rectangle of about 30x20mm was removed from the centre to form a frame. The
fat sample, once removed from the animal was carefully stretched with fine
forceps (as far as it could go with out tearing) over the pre-made balsa wood
frames. The tissue was then pinned to the balsa-wood frame (figure 2.6). After
about 10 minutes the sample was stretched slightly further as far as it could go
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and pinned down again. The tissue was then fixed and stored in the fridge at
40C until ready to be mounted onto a glass slide.

Figure 2.6 The process of stretching a piece of adipose tissue in order to make a “whole
mount”.

In some cases the tissue is initially stretched to its limit, then left to settle/adjust and
then stretched for a second time to decrease the thickness of the tissue for mounting
onto a slide.

2.2.4.2 Mounting the Tissue Onto the Slides
A 5% gelatine solution was made up to use like a gluing solution to adhere the
tissue to the double subbed gelatine coated slides (see appendix C). The
stretched tissue was cut from the balsa wood frame then soaked in 0.1M PBS
to remove excess fixative and gently dried with tissue paper. A small coating of
the gelatine solution was placed over the surface of the slide and the tissue was
mounted on top. Using a dissecting microscope illuminated by an x-ray light box
(Rayvue Equipment, NSW, Australia), the tissue was viewed to check that the
edges of the tissue were not tucked under and that the whole of the sample was
laying flat. The pieces of tissue were then air-dried for a couple of hours until
they were firmly stuck to the slide.

49
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2.2.5 Haematoxylin and Eosin Staining Whole Mounts
Prior to staining with Haematoxylin and Eosin, the sections were defatted by
passing the slides through a graded sequence of alcohols (JJ008, Fronine,
Australia) and clearing agent (histolene, JJ0311, Fronine, Australia) as
summarized in table 2.1 below:
Table 2.1. Protocol for defatting whole mounted tissue to remove all lipids and water
from the cells.

Solution:

Duration:

50% Ethanol

24 hours

70% Ethanol

24 hours

90% Ethanol

24 hours

95% Ethanol

24 hours

100% Ethanol

24 hours

100% Ethanol

24 hours

Histolene 1

12 hours

Histolene 2

12 hours

100% Ethanol

1 hour

95% Ethanol

1 hour

70% Ethanol

1 hour

Water

1 hour

A weak staining medium of Haematoxylin was made up from a stock solution
(see appendix C) using a 1/8th dilution factor (diluted by using distilled water).
The Eosin was left at the normal concentration (1%w/v). The sections were
placed in diluted Haematoxylin for 20 minutes after which they were rinsed in
water to remove excess stain. The sections were then differentiated in a 10%
(w/v) Lithium Carbonate solution for 20 minutes and then washed again in
water. The sections were then placed into an alcoholic Eosin counterstain for 10
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minutes. Without rinsing, the sections were dehydrated through the alcohols
and histolene for 30 minutes in each. The slides were then cover slipped using
DPX mountant (44581, BioChemika, Sigma-Aldrich, USA) and 22x40mm glass
slips. The slides were initially dried on a heating block at 600C for approximately
30 minutes and then left to dry overnight at room temperature (this stopped
bubbles forming under the cover slip).
2.2.6 Thick Paraffin Sections
The full method of preparation of the tissue is described in detail in Chapter
3.2.4. In summary, thick sections (15µm, 20µm, 30µm and 60µm) of in-vivo
labelled FITC retroperitoneal fat were cut and stained with Haematoxylin and
Eosin (except the 60_m section which were also stained with 0.5% Cresyl Violet
staining solution) and viewed using both fluorescence and light microscopy. The
60_m tissue was stained with Cresyl Violet for 4 minutes immediately after the
Lithium Carbonate step (or just prior to counter stain with Eosin). The intensity
of the stain was checked under light microscope and adjusted accordingly using
tap-water rinses.

2.2.7 Light and Fluorescence Microscopy – Microscopic Analysis
Using a Leitz Dialux 22 light microscope the whole mounted tissue and thick
sliced paraffin sections were viewed and analysed using plan x1.6, x10, x25,
x40 and x100 (oil immersion) objectives lens. The x40 and x100 lenses were
only used on the thick paraffin sections because the whole mounts were too
thick to allow the light through and the tissue to be focused at any plane.
Images were captured using a Nikon CoolPix 4500 digital camera attached via
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a C-mount and Leica Wild MPS48 camera attachment. This enabled information
to be gathered of microscopic details of the tissue down to the microvascular
level with a theoretical resolution of 0.5µm.
The thick sliced FITC plasma labelled adipose tissue samples were visualised
using a Leica TCS Confocal microscope with Leica XLS computer software
image analysis. The tissue was sampled at multiple levels and reconstructed
using the Leica imaging software provided. Images were converted into Stereo
picture so that the three dimensional (3D) structure could be view using special
3D glasses. Other images were captured and used to provide information about
the microvascular/adipose relationship. This provided information concerning
the characteristics of the capillary bed in adipose tissue. [For more information
concerning the set up and operation of the Confocal Microscopy refer to section
3.2.7.]

2.2.8 Stereomicroscopy – Whole Tissue Macroscopic Analysis
The overall structure and the gross examination of the whole mounted fat tissue
were conducted using a Zeiss Stereo Microscope with an x-ray light box
underneath which provided the light source. The tissue was viewed using x0.8,
x2, x3.2 and x5 objective magnification. Images were captured using a digital
camera. This information was used in conjunction with the information gathered
from the microscopic descriptions.
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2.2.9 Morphometric Description Techniques
Multiple whole-mounted slides of mesenteric, parametrial, retroperitoneal and
subcutaneous fat were studied in detail and a description was developed for
each using set criteria. The criteria were collated from numerous sources of
literature where authors have undertaken a similar task in other tissues. A
summary of the criteria is listed in table 2.2 below.

Table 2.2 Microvascular Descriptors: This table displays the terms and references used
when analysing the whole mounts.

Terminology
Arteriole
Capillary
Venule
Feeding Arterioles

Arcading
Arterioles
(Meshwork
configuration.)
Transverse
Arterioles
(Tree-Like
configuration.)
Bifurcation
Trifurcation
Node

Meaning
Artery embedded in the tissue of an
organ, typically < ~250-300µm
Vessel with a single endothelial layer,
typically ~5-10µm
Vein embedded in the tissue of an organ,
typically < ~400µm
Arterioles that supply capillary beds.
They can anastomose and form a
meshwork with other arterioles to form
arcading arterioles.
A meshwork of interconnected arterioles.
They are connected to capillaries via
smaller sets of arteriole branches known
as transverse arterioles.
Small arteriolar branches, which supply
capillary beds. They are asymmetric
bifurcating trees without direct
anastomoses. They originate with single
trunks at regular intervals along the
arcade arterioles.
A junction or splitting of two vessels.

Reference
[75]
[75]
[75]
[112]

[112]

[112]

[112]
[107]

A junction or splitting of three vessels.
Where three arcading vessels form a [112]
junction.
Tortuosity
Where the vessel exhibits a degree of [113]
twisting of its long axis.
Capillary segment Can either be:
[107]
branching

53

Michael Cartwright – MSc (Honours) Thesis

Y shaped

Anastomoses
Arteriovenous
anastomoses
(AVA’s)
Metarterioles
Collateral Arteries

Hair Pin

T shaped
H shaped
The joining of two tubes without a
capillary bed in between (H formation)
Wide bore direct channels from arterioles
to venules (under neurogenic control).
Used to re-direct large volumes of blood.
Capillary thoroughfare channel from
arteriole to venule capable of altering its
diameter.
Two arteries or arterioles that join
together to form an arterial
anastomoses.

[55]
[70]
[55]
[70]

2.2.10 Additional Methods of Analysis
As an adjunct to the above-mentioned descriptors, two other techniques were
used (not in as much detail) to supplement and further support the results
gleaned from the other methods.

2.2.10.1 Strahler Technique
Mathematical modelling was also used to reconstruct the vascular structure of
the various fat pads. This can be done in two ways, either in an anterograde
mode as performed by Weibel when investigating airways [71] or in a retrograde
mode which was used by Strahler to study rivers and streams [114]. When
studying vasculature, Weibel’s method is not suitable because it does not allow
for comparison between tissue sections. This is because there can be no one
absolute level from which to begin modelling from unless you start with the
aorta, however this would be rather time consuming. Rather, Weibel’s method is
quite useful when describing the branching structure of the airways. The
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Strahler method however is quite suited to comparing vascular trees between
tissue sections because it has a common starting unit, the capillaries. The
Strahler technique has not only been used in the study of geography but also a
number of times in the study of blood vessels in various types of tissue [112,
113, 115, 116]. There are numerous ways of applying the Strahler method as
outlined by Kassab et al. and they all vary in complexity [115]. The method used
in this study, however, was the conventional Strahler method whereby vessels
are assigned an order number. Starting at the smallest unit and working
retrograde, the capillaries are regarded as order 0 (or generation 0). Whenever
two vessels of order 0 join, a vessel of order 1 is formed, if two order 1 vessels
meet, the resulting vessel is of order 2, and so on. If two vessels of unequal
order join, then the higher order is continued in the parent vessel.

2.2.10.2 Camera Lucida Analysis
The whole mounted adipose tissue was viewed through a light microscope
(Leitz Dialux 22) with a camera Lucida attachment (see appendix D). Using the
x10 and x25 objective lens the general structure and appearance of the
microvasculature and the surrounding adipose tissue was traced onto normal
A4 printing paper. The order of the vessel for each drawing was colour-coded
for ease of viewing and relevance to the magnification used. The larger vessels
were drawn in the darker colours (black and blue), the smaller branching and
interconnecting arteries drawing in green and the smallest vessels in red. One
plane of focus of adipocytes was chosen and drawn in as a point of reference
and to give a sense of scale. The scale was measured by using an etched
micrometer microscope slide. The pictures were scanned in at 600 dots per inch
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(dpi), annotated and edited using Adobe Photoshop 6.0. Using the camera
Lucida attachment allows for a 3 dimensional image to be drawn and viewed in
2 dimensions by focusing up and down at multiple z planes. This distinguishes it
from conventional microscopic photography, which only allows the image to be
sampled in only one focal plane per picture.

2.3 Results
The various adipose depots investigated (mesenteric, retroperitoneal,
subcutaneous and parametrial) were different in terms of gross morphology.
They were found to be quite variable in colour, shape, and strength. This was
assessed by physical examination at the macro-anatomical level through pulling
and stretching of the tissue.

Mesenteric fat was found to be closely associated with the small and large
intestines. It was mustard coloured and followed the course of the major
mesenteric blood vessels that serviced the intestinal walls from the superior and
inferior mesenteric arteries. At the most superior portions of the depot, it was at
some points continuous with the omental fat that hung from the greater
curvature of the stomach. There were frequent thin connective tissue sheets in
the mesentery between the finger-like projections of fat, which gave this fat
depot a webbed appearance (figure 2.7b).

Retroperitoneal fat (figure 2.7a) could be seen once all the mesentery had been
reflected to one side. The main retroperitoneal fat mass lined the lower
abdominal cavity and extended between the kidneys and the pelvis. Although it
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appears to be one structure continuous with the peri-renal fat pad, with careful
dissection, these two were found to be separate and joined closely by a large
membrane of connective tissue. The retroperitoneal fat pad was primarily
supplied by the iliolumber artery and was the whitest of all the four fat pads.
This pad was mechanically weak compared to the other pads; it tended to
rupture very easily upon removal. It was white in colour and was made up of
many lobes.

The subcutaneous (inguinal) fat pad (figure 2.8b) had the darkest hue. In some
rats it was bordering on a brown colour rather than a dark cream. This pad
displayed high tensile strength and could be stretched substantially before
tearing. It was a physically distinct fat pad with no close neighbouring fat pads
but it was found to be in close association with the skin and dense elastic
connective tissue. It was supplied primarily by the superior external pudendal
artery, a smaller order vessel of the pubic epigastric trunk with branches from
the external iliac artery. However it may well have had arterial blood supply from
surrounding skin vessels.

Parametrial fat was lateral and attached to the uterine horns. It was white in
colour and numerous lobes (similar to the retroperitoneal fat pad) hung from the
parametrial walls (figure 2.8a). Each lobe was thin and sheet like, once
unfolded. Between the fat pad and the uterine horn ran the uterine artery and
vein, which serviced both organs. The parametrial fat pad extended all the way
to the ovaries (following the course of the vasculature) and abutted the periovarian fat pad. This fat pad was physically different from the parametrial fat
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and was easily distinguishable. The parametrial depot contained some amounts
of thin membranous connective tissue (but not as much as the mesenteric fat
pad) and was quite easily manipulated without tearing. It was not, however, as
thick and tough as subcutaneous fat.

2.3.1 Arteries
2.3.1.1 Mesenteric Adipose Tissue
The tissue was fed by intestinal branches of the superior mesenteric artery
(Jejunal and Ileal), which divided to form an array of parallel branches in the
mesentery giving the impression of projecting fingers. These arteries eventually
ran out to supply the intestines with some arcading branching en-route with the
mesentery (figure 2.9a,b). The main arteries and veins ran in counter-parallel
flow with each other (figure 2.9c) and a thin layer of adipocytes lay over the top
of the vessels. Most of the adipose tissue was located either side of the major
vessels (figure 2.7b and 2.9a,b) and partially along the framework of the
intestinal walls. Smaller vessels branched off the main mesenteric vessels
continually to supply blood to the surrounding adipose tissue (figure 2.10e). The
initial branching arteries were considerably smaller in calibre than the parent
vessels (figure 2.9d), however the following branching, down to the
microvascular level, did not exhibit as drastic reductions in lumen diameter
(figure 2.9b,c).
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2.3.1.2 Retroperitoneal Adipose Tissue
The major feeding arteries that branched off the iliolumber artery (which entered
from the medial aspect of the fat pad) ran through all planes of the tissue. The
larger vessels appeared to run across the outer-most layers whilst the small
arteries and veins coursed through the middle planes. There were numerous
large feeding arteries and branches that arose at many points along the vessels
(figure 2.10a). Similar to the mesenteric adipose tissue, the larger arteries and
veins ran parallel to each other (figure2.11h). The vessels were laid out in a
very orderly fashion so that every aspect of the adipose tissue was covered and
supplied to the same degree. The main arteries ran fairly linearly but their
branching arteries scattered and ran off in multi-directional pathways (figure
2.9e,f). The overall vasculature structure was arranged in a ‘fan-like’ manner
which gave the appearance that each lobe within the retroperitoneal depot had
its own arborising network of arterial supply (figure 2.12a).

2.3.1.3 Subcutaneous Adipose Tissue
The large arteries and veins ran parallel to each other, however there was a
distinct lack of apparent organization of the vasculature. It was hard to delineate
which arteries supplied the lower order vessels because the adipose tissue
sample was often damaged upon removal. The vessels formed random patterns
throughout the tissue and there were regions of high vascular density and
others where it was sparse or appeared completely lacking (figure 2.11e,f).
There were regions of long straight (with gentle curving branches) and tortuous
arteries adjacent to each other. Some of the branches formed ‘corkscrew’
shaped arteries, which travelled up and down through the tissue (figure 2.11f).
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The large vessels appeared to be mid depth in the adipose and the branches
either side.

2.3.1.4 Parametrial Adipose Tissue
The tissue, in most cases, was fed by one main artery, which ran through the
middle of the tissue giving off numerous branches along the way (figure 2.13a,b
and 2.14a,b). This would have branched from the uterine artery at a certain
point. All the vessels (large and small) appeared to exist at multiple levels of the
tissue and did not display a pattern whereby it was organised into one plane.
Some subsidiary arteries were long and curving vessels that travelled for
relatively long distances before branching to form the microvascular units (figure
2.11a). In some locations there were large arterial loops (figure 2.8a), which
encircled an entire section of the depot. The branching pattern was symmetrical
and the vasculature as a whole was highly organised (figure 2.13b,c). Vessels
rarely appeared coiled or corkscrewed.

2.3.2 Small Supplying Arteries (approximately 100µm in ∅)
2.3.2.1 Mesenteric Adipose Tissue
The small arteries within the fat pad were similar to the main arteries in that they
were very straight (figure 2.10e). The subsidiary branches were not as tortuous
as the subcutaneous, retroperitoneal and parametrial depots but they still
exhibited tortuosity to a small degree, sometimes exaggerated in some areas
and diminished in others. There was no evidence to show the presence of any
arterial anastomoses in the adipose tissue surrounding the mesenteric arteries.
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Most of the branching in the fat tissue occurred by bifurcation. There were very
few trifurcating vessels. In order to pin out the depot and then mount it onto a
slide later on, part of the adipose was removed with the intestine. This tissue
could therefore not be described.

2.3.2.2 Retroperitoneal Adipose Tissue
The smaller arteries were fairly long, straight vessels with slight curves in them
(figure 2.9f,h). The arteries that branched from these were moderately tortuous
(figure 2.9g) and in some areas vessels formed loosely packed spirals that went
deep into the tissue (figure 2.9g). There was little evidence of arterial
anastomoses. At first glance at low power some arteries made long sweeping
paths (figure 2.7a), which looked like they connected up with other arteries to
form collaterals. Upon closer inspection at higher magnification the vessels
crossed at different planes giving the illusion that they joined. Similarly to the
mesentery, most of the branching occurred through bifurcation of the vessels.

2.3.2.3 Subcutaneous Adipose Tissue
Some of the small arteries were, in parts, exceptionally tortuous (figure 2.11f)
serpentine and tangled. In contrast, neighbouring and slightly larger vessels
were curvilinear (figure 2.11e). Their subsidiary arterial branches however,
became very tortuous (figure 2.11b). There were numerous arterial
anastomoses with both long and short collateral arterial pathways (figure
2.11b,e). Most arterial branching occurred though bifurcation and rarely via
trifurcation.
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2.3.2.4 Parametrial Adipose Tissue
The smaller arteries were mostly curvilinear but shorter in length and straighter
compared with those of the subcutaneous adipose depot (figure 2.11f, and
2.14c). They were also straighter compared to those in the retroperitoneal
depots (figure 2.9e,f and 2.14c). The arteries, observed at low power
magnification, followed a regular pattern of bifurcation throughout all layers of
the multiple lobes in this depot (figure 2.8a and 2.14c). Arterial anastomoses
were not as prominent a feature in this tissue as compared to subcutaneous
adipose; however, the collateral artery length was relatively longer. Although the
majority of the arterial branching occurred through bifurcation, occasional
vessels branched into three smaller order vessels (figure 2.11c,d and 2.13d).

2.3.3 Arterioles
2.3.3.1 Mesenteric Adipose Tissue
In mesenteric fat pads at the border where adipose tissue fingers met the
connective tissue sheet there were both large and small arcading mesh-works
of arterioles (figure 2.15a,b and c). In the main body of the adipose there was a
mixture of both arcades and dichotomous branching. There was no evidence for
the existence of preferential channels between the arteries and veins at the
level of either the small artery or the arteriole.
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2.3.3.2 Retroperitoneal Adipose Tissue
There were preferential channels from the arteriolar supply to the venous
drainage, although this was not found to be a prominent feature in the tissue
examined. There were however, no wide bore channels (arteriovenous
anastomoses) seen existing between the major arteries and veins. There didn’t
appear to be any arcading mesh-works of arterioles in the retroperitoneal
adipose tissue examined.
2.3.3.3 Subcutaneous Adipose Tissue
There were numerous arterial arcades present in the subcutaneous adipose
tissue with inter-connecting transverse arterioles (figure 2.12b,c). As well as the
common observance of long channelled shunts, there were smaller shunts but
they only appeared to be sparse.
2.3.3.4 Parametrial Adipose Tissue
There was little to no evidence of arcading of the arteriolar supply and the
associated interconnecting transverse arterioles. The arterioles exhibited the
same dichotomous branching pattern as seen higher up in the feeding arteries
(figure 2.14c and 2.16b). There was no presence of preferential channels
between the arterial and venous circulation at either small artery or arteriolar
level.
2.3.4 The Capillary Bed
The capillary bed and the vessels, the next order greater (arterial), which
directly fed the bed, were all arranged in similar fashion in all four pads (figure
2.12c,d, 2.13c, 2.14c and 2.17a). The shape and branching design of the
capillaries are either ‘Y’ shaped or ‘hair-pin’ (figure 2.16a,c,d and 2.18a). No
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presence of either ‘T’ or ‘H’ shaped branching was observed. The capillary bed
was dense and followed a random order almost like vine twisting and turning
(figure 2.19a,b). It twisted and turned to encompass a majority of the adipocytes
present. Adipocytes were rarely seen without a capillary running either
contiguous (figure 2.17b) or immediately nearby with 100 – 150µm (figure 2.18b
and 2.20a,b).
2.3.5 Connective Tissue
2.3.5.1 Mesenteric Adipose Tissue
The connective tissue was a prominent feature of the mesenteric fat pad and
emerged as webbed sheets between the fingers of fat (figure 2.21c). In
amongst the adipocytes however, there was not a great amount of connective
tissue. The connective tissue was well supplied with vascular tissue. The
branching pattern of the arteries that ran through the connective tissue was akin
to a ‘tree-like’ branching structure (dichotomous branching). The connective
tissue contained many loose cross-hatched/linked collagen fibres (figure 2.21d)
forming a meshwork.

2.3.5.2 Retroperitoneal Adipose Tissue
The connective tissue was arranged in organised patches within the tissue
(figure 2.21a). There were little to no adipocytes in these regions (figure 2.21b).
In these regions the connective tissue could be distinguished easily. There were
collections of collagen fibres running through the tissue in among the
adipocytes. There seems to be a lesser degree of vascularity in amongst the
connective tissue as compared with the Mesenteric fat pad. The collagen
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appearance is irregular but not as dense as in subcutaneous tissue. However in
relation to the other pads it was still quite dense.

2.3.5.3 Subcutaneous Adipose Tissue
Because of the density of the tissue (some accidental inclusion of dermal and
epidermal tissue in the whole mount) in the subcutaneous fat pad the
connective tissue was much harder to distinguish under the microscope (figure
2.21g). The collagen fibres were packed in more tightly and they are arranged
in an irregular array and the adipocytes and vasculature are sparse in these
regions (figure 2.21h).
2.3.5.4 Parametrial Adipose Tissue
There were patches or regions of adipose tissue where the adipocytes were
very sparse or absent. In these regions the connective tissue was easily
observed and looked similar to the connective tissue sheets in the mesenteric
fat pad (figure 2.21e). The branching pattern of the arteries that ran through the
connective tissue was akin to a ‘tree-like’ branching structure (dichotomous
branching), very similar to the Mesenteric fat pad. There was vasculature in
amongst the connective tissue but not to the extent as the mesenteric fat pad.
The collagen fibres followed a comparable trend to the Mesenteric fat depot
with a cross-hatching pattern but with greater density (2.21f).

2.3.6 Inflammatory Cells
In all the adipose tissue depots sampled, there was the presence of various
inflammatory cells. This was expressed in several degrees in the different pads.
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Mast cells were the most common noted amongst the adipocytes (figure 2.22b
and 2.23e). In some cases there could be up to 6 mast cells per adipocyte in
intimate apposition (figure 2.24d). It was quite common for mast cells to be
found in close proximity to capillaries that travelled past adipocytes. This could
be seen easily when examining any of the thick sections of adipose tissue
(figure 2.23f).

In several locations major collections of macrophages and neutrophils were
present, often positioned along or around capillaries (figure 2.24a). These
collections were not found as frequently as mast cells but were still a fairly
common feature in all the pads studied (figure 2.24b). As well as being
observed as described above, mast cells could also be seen in amongst the
pool of leukocytes, where they were often degranulating (figure 2.22a,c-f, 2.23c
and 2.25a-d). This feature was more prominent in the adipose tissue from the
exercised rats compared to the sedentary rats.

2.3.7 Strahler Analysis
The diagrams were based upon observations of samples perfused with Microfil
taken from sedentary rats and no exercised rats. The Strahler diagrams for all
the fad pads were different in layout and structure. There were some similarities
however between the mesenteric and subcutaneous fad pads (figure 2.27 a and
b) and the parametrial and retroperitoneal fad pads (figure 2.28 a and b). Both
the mesenteric and subcutaneous fat pads had higher order vessels running in
line with subsequent lower order vessels predominately branching off on one
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side (figure 2.27 a and b). Despite these similarities, the mesenteric tissue had
a more regular branching pattern network and there appeared to be a greater
density or order 1, 2 and 3 vessels. The parametrial and retroperitoneal fat pads
were similar in that their branching pattern fanned out to be on both sides of the
highest order vessel (order 5) (figure 2.28 a and b). Both branching patterns
displayed an organised pattern of vessel network from order 5 down to order 1.
The parametrial fat pad appeared to have a denser network of order 1, 2 and 3
vessels as compared to the retroperitoneal fat pad.

A Chi Squared Test was performed comparing the numbers of the individual
ordered vessels between the fat pads (see appendix E). It was noted that there
was no significant difference in the number of vessel orders between the
various fat pads. There was also no correlation between the number of order 1
vessels (the vessels that directly fed the capillary beds) and adipocyte cell size.
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Figure 2.7: Whole Mounts 1

Scale bar is the same for both A and B.

A

A stereo-micrograph of a whole mount of retroperitoneal fat. This tissue
was stained with haematoxylin and eosin using a modified protocol. The
similar colourings of the dyes and the darkness of the stain lessen the
blue of the Microfil casting compound in the blood vessels. Magnification
0.8x.

B

This stereo-micrograph of a whole mounted piece of mesenteric fat has
undergone the same treatment as image A. In both cases, regardless of
the staining, the branching structure and large vessel arrangement can
be seen with great detail. The connective tissue is easily detected in this
image between the adipose tissue fingers in mesenteric fat. Both images
are made up by turning a series of photos into a montage, reconstructed
in Adobe Photoshop. Magnification 0.8x.
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Figure 2.8: Whole Mounts 2

Scale bar is the same for both A and B.

A

A stereo-micrograph of a whole mount of parametrial fat. This tissue was
indirectly stained (background) during a failed immunohistochemistry
experiment. The colour is a result of a diaminobenzadine (DAB) reaction
product, however the brown hue lends itself quite nicely in contrast to the
vivid blue of the Microfil casting compound in the blood vessels.
Magnification 0.8x.

B

This stereo-micrograph of a whole mounted piece of subcutaneous fat
has undergone the same treatment as image A. In both cases the
branching structure and large vessel arrangement can be seen with great
detail. Both images are made up by turning a series of photos into a
montage, reconstructed in Adobe Photoshop. Magnification 0.8x.
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Figure 2.9: Microfil casting medium – Mesenteric and Retroperitoneal Fat

Scale for A, B, and E are identical. Scale for C, D, F, G and H are identical.

A

This is a stereo-micrograph of a whole mount of mesenteric adipose
tissue. This tissue was stained using a modified haematoxylin and eosin
method (H&E). It shows the branching characteristics of mesenteric fat.
The vessels are filled with a blue casting medium, which can be seen in
this image. Magnification 2x.

B

The stereo-micrograph in this picture is of the same tissue as in image A
but taken from a different location (the next field of view south west of A).
The vessels run tightly packed within the finger of mesenteric fat.
Magnification 2x.

C

A digitally zoomed picture of image B showing the detail of the
vasculature and the extent of vessel filling using Microfil post mortem.
Magnification 3.2x.

D

This close up stereo-micrograph of another region found in the tissue in
image C shows arterial branching patterns found in mesenteric adipose.
Magnification 3.2x.

E

This is a stereo-micrograph of a whole mount of retroperitoneal adipose
tissue. This tissue was stained using a modified H&E method. It shows
the branching characteristics of retroperitoneal fat. The vessels are filled
with a blue casting medium, which can be seen in this image and the
following images. Magnification 2x.

F

Higher magnification of more H&E stained retroperitoneal whole mounted
tissue. Magnification 3.2x.

G

A high magnification H&E stained retroperitoneal whole mounted tissue.
The vessels wind and twist through the adipocytes. Magnification 3.2x.

H

High magnification of more H&E stained retroperitoneal whole mounted
tissue. Magnification 3.2x.
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Figure 2.10: Camera Lucida Drawings

Scale bar for F is the same for B and D. Scale bar for H is the same for A, C, G
and H.

In all the figures the vessels are assigned an order by colour. The following
figures contain the order sequence going from largest to smallest:

•

A (red>blue>black)

•

B (black>red>green>blue)

•

C to H (blue>black>green>red)

A

A drawing representation of retroperitoneal fat from a whole mount.
Magnification 10x.

B

This image shows a close up of retroperitoneal fat from a whole mount.
Magnification 25x.

C

A drawing representation of parametrial fat from a whole mount.
Magnification 10x.

D

This image shows a close up of parametrial fat from a whole mount.
Magnification 25x.

E

A drawing representation of mesenteric fat from a whole mount.
Magnification 10x.

F

This image shows a close up of mesenteric fat from a whole mount.
Magnification 25x.

G

A drawing representation of subcutaneous fat from a whole mount.
Magnification 10x.

H

A drawing representation of mesenteric fat from a whole mount.
Magnification 10x.
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Figure 2.11: Various Images of Adipose Tissue

The scale bar for B is equivalent for A, C, and E. The scale bar for D is the
same for G.

A

A photomicrograph of a whole mounted section of parametrial fat. This
tissue was indirectly stained (background) during a failed
immunohistochemistry experiment. The colour is a result of a
diaminobenzadine (DAB) reaction product, however the brown hue lends
itself quite nicely in contrast to the vivid blue of the Microfil casting
compound in the blood vessels. This image exhibits arteriolar tortuosity.
Magnification 1.6x.

B

This photomicrograph is of a whole mounted section of subcutaneous fat.
It has been stained the same was as image A. This image also displays
the tortuous nature of the arteries in subcutaneous tissue. Magnification
1.6x.

C

This is picture of a whole mount of parametrial tissue and it presents an
example of trifurcation of arteries. It has been stained in the same
manner as A and B. Magnification 1.6x.

D

This is an enlargement of the trifurcation of the vessels in image C.
Magnification 10x.

E

A stereo-micrograph image of haematoxylin and eosin (H&E) stained
whole mount of subcutaneous tissue. This picture shows the arterial
anastomoses. Magnification 1.6x

F

The sometimes-disorganised pattern of blood vessel arrangement of
subcutaneous adipose tissue can be seen in this whole mount. It has
been stained the same way as A, B, C and D. Magnification 2x.

G

This H&E stained whole mount of retroperitoneal adipose tissue shows
how adipocytes can have their shape dictated by their surrounds and it
doesn’t always have to be related to connective tissue. Pay particular
attention to the cells lining the outside of the vessel running through the
image. Magnification 10x.

H

An enlarged photomicrograph of image G showing in detail the large vein
running though the middle with adipocytes hemmed in either side by a
small and large artery. Magnification 25x.
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Figure 2.12: Arterial to Venous Circulation

Scale bar for B is the same of A and the scale bar for D is the same for C.

A

A photomicrograph of a whole mounted section of retroperitoneal fat
stained with haematoxylin and eosin (H&E). This image shows both the
arterial supply and the venous drainage of lobe of fat. Magnification 1.6x.

B

This photomicrograph is of a whole mounted section of subcutaneous fat.
It has been stained using a modified H&E protocol. The connective tissue
can be seen with an arteriole-capillary-venule network running though it.
Magnification 1.6x.

C

The picture is a close up of image B showing the network of vessels.
Magnification 10x.

D

This is a photomicrograph of a whole mount piece of mesenteric fat
tissue. It has been stained with H&E and this stain shows the capillary
bed well. The arterial supply and venous drainage can be noted, venous
on the left hand side and arterial on the right. Magnification 10x.
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Figure 2.13: Microfil casting medium – Parametrial Fat

Scale for A and B are identical.

A

This is a stereo-micrograph of a whole mount of parametrial adipose
tissue. This tissue was stained using a modified haematoxylin and eosin
method. It shows the branching characteristics of parametrial fat. The
vessels are filled with a blue casting medium, which can be seen in this
image. Magnification 0.8x.

B

The stereo-micrograph in this picture is of the same tissue as in image A
but taken from a different location. Stereomicroscopes were most useful
in analysing Microfil injected adipose samples because it allowed an
increase in the depth of field and hence greater visualisation of the tissue
and its vasculature. Magnification 0.8x.

C

Parametrial whole mount stained with haematoxylin and eosin containing
Microfil casting compound. The casting medium is artificially pumped
through the circulation just after the animal is sacrificed. It allows for
great imaging of blood vessel, especially when used in conjunction with
various counter stains. Magnification 2x.

D

This close up stereo-micrograph of another region found in the tissue in
image C shows a rarely found trifurcation of arteries whereby the vessels
for three subsequent branches rather than just two. Magnification 5x.
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Figure 2.14: Stereology

A

This is a stereo-micrograph of a whole mount of parametrial adipose
tissue. This tissue was stained using a modified haematoxylin and eosin
method. It shows the branching characteristics of parametrial fat;
moreover the consistent right-angled branching can be noted in the
arterial supply. Magnification 0.8x.

B

The same image from A in addition to another series of images taken of
neighbouring regions can be overlayed and put back together to form a
photomontage of the whole mounted tissue. Magnification 0.8x.

C

Magnifying part of the region of the parametrial tissue in A and B shows
the arterial supply and venous drainage of adipose tissue. Using
stereomicroscopes allow for multiple z planes to be visualised at one
focal plane. Creating a virtual three-dimensional image. Most routine
stains would be too dark to visualise this image. This is where the
modified staining protocol becomes very important. Magnification 5x.
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Figure 2.15: Arcading Arterioles

Scale bar is the same for both B and C.

A

A photomicrograph of a whole mount of mesenteric fat. This tissue was
stained with haematoxylin and eosin using a modified protocol. Here
amongst a region of sparse adipocytes and thin connective tissue, a
delicate arcading loop can be seen. Magnification 10x.

B

This close up picture of image A shows more detail of the capillary
network that exists in the arcade. Magnification 25x.

C

This photomicrograph was taken in another sample of whole mounted
mesenteric fat stained with haematoxylin and eosin. The arcading
arterioles in this image are not a big as found in A/B but display the same
characteristics. Magnification 25x.
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Figure 2.16: Capillary Branching

Scale bar is the same for both A and B.

A

A photomicrograph of a 60µm thick piece of retroperitoneal fat. This
tissue was stained with haematoxylin and eosin (H&E). These thick
stained sections of adipose tissue help display the various types of
capillary branching. Here ‘Y’ shaped capillary formations can be
observed. Magnification 10x.

B

This photomicrograph is of a whole mounted section of parametrial fat. It
has been stained using a modified H&E protocol. This image exhibits two
types of branching patterns “Y” and “hairpin”. Magnification 10x.

C

The picture is a close up of image A; taken at three z planes and super
imposed on top of each other in Adobe Photoshop to compile the
information that is seen in three dimensional space (whilst looking down
the microscope) into a two dimensional image. Here again the branching
strategies can be noted. Magnification 25x.

D

This is a high power magnified image of A (taken from a neighbouring
region). Here, in the centre of the picture the capillary loop profile can be
studied in great detail. It shows the whole capillary looping around pretty
much the whole of a single adipocyte. Magnification 40x.
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Figure 2.17: Stereo Image of Adipocytes and FITC labelled Capillaries

(Note: Use 3D glasses supplied to visualise the pictures)

A

A 60µm section of retroperitoneal adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This shows the type of capillary
branching segments in greater detail (both y and hair pin) and the density
of capillaries in adipose tissue. Magnification 16x.

B

A 15µm section of retroperitoneal adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section shows the intimate
relationship that individual adipocytes share with capillaries and a close
up view of a hairpin branching segment in the capillaries. Magnification
63x.
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Figure 2.18: Stereo Image of Adipocytes and FITC labelled Capillaries

(Note: Use 3D glasses supplied to visualise the pictures)

A

A 40µm section of retroperitoneal adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This shows the type of capillary
branching segments (both y and hair pin). Magnification 40x.

B

A 20µm section of retroperitoneal adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section shows the intimate
relationship that individual adipocytes share with capillaries.
Magnification 63x.
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Figure 2.19: Stereo Image of Adipocytes and FITC labelled Capillaries

(Note: Use 3D glasses supplied to visualise image A)
Scale bar for B also equivalent for A.

A

A 60µm section of mesenteric adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section displays a close up
view of the capillary branching patterns surrounding the adipocytes on
multiple planes. Magnification 40x.

B

A 60µm section of mesenteric adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section is an overlay of the
3 dimensional image listed above. It is a 2 dimensional way of viewing
the same information. Magnification 40x. Do not use the glasses to view
this image.
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Figure 2.20: Stereo Image of Adipocytes and FITC labelled Capillaries

(Note: Use 3D glasses supplied to visualise image A)
Scale bar for B also equivalent for A.

A

A 60µm section of parametrial adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section displays a close up
view of the capillaries surrounding the adipocytes. Magnification 63x.

B

A 60µm section of parametrial adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section is an overlay of the
3 dimensional image listed above. It is a 2 dimensional way of viewing
the same information. Magnification 63x. Do not use the glasses to view
this image.

Michael Cartwright – MSc (Honours) Thesis

94

Michael Cartwright – MSc (Honours) Thesis

95

Figure 2.21: Connective tissue in the adipose depots

Scale bar for G is the same for A, C and E. Scale bar for H is the same for A, B,
D and F.

A

Photomicrograph of retroperitoneal fat associated connective tissue.
Magnification 1.6x.

B

A close up image of retroperitoneal fat associated connective tissue.
Magnification 10x.

C

Photomicrograph of mesenteric fat associated connective tissue.
Magnification 1.6x.

D

A close up image of mesenteric fat associated connective tissue.
Magnification 10x.

E

Photomicrograph of parametrial fat associated connective tissue.
Magnification 1.6x.

F

A close up image of parametrial fat associated connective tissue.
Magnification 10x.

G

Photomicrograph of subcutaneous fat associated connective tissue.
Magnification 1.6x.

H

A close up image of subcutaneous fat associated connective tissue.
Magnification 10x.
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Figure 2.22: Cresyl Violet

The scale bar for C is the same for A and the scale bar for D is the same for B.

A

A photomicrograph of a thick section (60µm) of mesenteric fat. This
tissue was stained using an experimental procedure using cresyl violet.
Magnification 10x.

B

A close up of image a reveals what appears to be degranulating cells of
purple staining which is most likely to be mast cells. Magnification 25x.

C

This is picture of the overall effectiveness of cresyl violet stain by itself on
a thick section of mesenteric tissue. Magnification 10x.

D

This is the same tissue (as in image C) with the same stain but taken
from a different magnification. Magnification 25x.

E

A photomicrograph image of D but with increase magnification.
Magnification 40x

F

A high-powered image of E. Magnification 100x – with oil immersion.
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Figure 2.23: Stains

The scale bar for B is the same for A and the scale bar for D is the same for C.

A

A stereo-micrograph of a thick section (60µm) of parametrial fat. This
tissue was stained using an experimental procedure using cresyl violet in
addition to the modified haematoxylin and eosin protocol. Magnification
5x.

B

This thick section of mesenteric fat under went the same staining
procedure as in image A. The stereo-micrograph gives an overview of
the stain. Magnification 5x.

C

This is picture of the overall effectiveness of cresyl violet stain by itself on
a thick section of parametrial tissue. Magnification 10x.

D

This is the same tissue with the same stain as in image C but taken from
a different location. Magnification 10x.

E

A photomicrograph image of cresyl violet stained thick section of
parametrial tissue. Here the intimate relationship between adipocytes
and mast cells can been seen. Magnification 25x

F

Overlaying a series of 3 digital images resulted in this final image of
cresyl violet stained parametrial tissue. Mast cells can be noted in the
middle of the image as well as intensely stained nuclei of the adipocytes.
Magnification 40x.

Michael Cartwright – MSc (Honours) Thesis

100

Michael Cartwright – MSc (Honours) Thesis

101

Figure 2.24: Inflammatory Cells in Adipose

Scale bar for D is the same for C.

A

Photomicrograph of retroperitoneal fat stained with haematoxylin and
eosin. The cluster of leukocytes and mast cells can be easily identified in
the centre of the image. The tissue was cut at a thickness of 60µm,
which permits the study of whole cells rather than planed sections.
Magnification 10x.

B

A close up image of the retroperitoneal fat (image A) with associated
inflammatory cell clusters. This cell nexus formation can be seen
throughout various regions within the tissue in addition to the sprawling
pattern leading away from the site. The cells centre themselves around
the capillaries that service the adipocytes. Magnification 25x.

C

A high power magnification photomicrograph of the leukocytes
(macrophages and neutrophils) and mast cell congregation found in
image A and B. The core of this gathering is quite literally packed with
inflammatory cells and associated cellular matter. Magnification 40x.

D

This high power photomicrograph is taken at roughly the same
coordinates at the last 3 series of images except at a different z plane.
The beauty of using thick sections is that it allows the user to focus
through the tissue to discover what is happening in the surroundings.
Here the intimate relationship can be seen between the adipocyte and its
neighbouring mast cells. Magnification 40x.
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Figure 2.25: Mast Cell Degranulation

Scale bar for D is the same for B and C.
A

Photomicrograph of retroperitoneal fat stained with haematoxylin and
eosin. Mast cells can be seen amongst the adipocytes. Magnification
40x.

B

A close up image of the retroperitoneal fat (image A) with associated
mast cell clusters. In particular this image is a high power magnification
on the dashed box found in image A. In this image, degranulating mast
cells can be observed. Magnification 100x.

C

Another high power magnification photomicrograph of a mast cell (centre
of image) degranulating in another sample of retroperitoneal adipose
tissue. Magnification 100x.

D

This high power photomicrograph is taken at roughly the same area as
image C (approx. 1mm left). Here there are two mast cells
defragmenting. Magnification 100x.
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Figure 2.26: Stereo Image of Adipocytes and FITC labelled Capillaries

(Note: Use 3D glasses supplied to visualise image A)
Scale bar for B also equivalent for A.

A

A 40µm section of parametrial adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This shows that the
fluorochrome has spilt out into the interstitial tissue surrounding the
adipocytes on all planes. Magnification 16x.

B

A 40µm section of parametrial adipose tissue with in vivo labelled
capillaries using FITC bound to plasma. This section is an overlay of the
3 dimensional image listed above. It is a 2 dimensional way of viewing
the same information. Magnification 16x. Do not use the glasses to view
this image.
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Figure 2.27: Strahler Diagrams of Mesenteric and Subcutaneous Fat Pads

Orange = Vessel of order 1
Light Blue = Vessel of order 2
Red = Vessel of order 3
Green = Vessel of order 4
Dark Blue = Vessel of order 5

A

Strahler diagram of Mesenteric adipose vasculature.

B

Strahler diagram of Subcutaneous adipose vasculature
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Figure 2.28: Strahler Diagrams of Parametrial and Retroperitoneal Fat Pads

Orange = Vessel of order 1
Light Blue = Vessel of order 2
Red = Vessel of order 3
Green = Vessel of order 4
Dark Blue = Vessel of order 5

A

Strahler diagram of Parametrial adipose vasculature.

B

Strahler diagram of Retroperitoneal adipose vasculature
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2.4 Discussion
While vascular anatomy has been extensively researched in numerous other
organs in the animal kingdom, adipose tissue vasculature has been subject to
neglect for many years. This study attempted to fill that void by looking at
adipose tissue in whole sections rather than sampling thin cross sections. There
is, however, a wealth of information in regards to comparative gross anatomy of
adipose tissue between mammals [117-120]. All these studies conclude that
most mammals exhibit similar intrinsic qualities with their adipose tissue and
that rat and human adipose anatomy (apart from rats having a few extra fat
depots) are very similar. Hence the model presented in this study may have
implications for human adipose tissue. There is however evidence that
distribution of adipose tissue between species can vary quite considerably but
less within species groups [118].

The vascular anatomy (both micro and macro levels) of the adipose tissue in
the four pads was kept separately in their pad groups for analysis rather than
treating them as a whole group of adipose tissue. This was done this way purely
because the knowledge gained from studies in humans and rodents showed
that adipose tissue from several locations display different qualities, both
metabolic [121] and anatomical [122]. In addition to this knowledge was the idea
that the numerous fat pads must exist for different physiological reasons
otherwise it would be far more reasonable to imagine a collation of all the
depots into a main (storage) area similar to most other organs in the body. This
notion is somewhat supported by the studies by Macqueen et al. and Mattacks
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et al. who found a specific metabolic relationship between the popliteal adipose
depot and the lymph nodes and musculature it surrounds [123, 124].

2.4.1 Gross Anatomy
It was noted during the extraction of the mesenteric, retroperitoneal,
subcutaneous and parametrial fat pads that there were distinct differences
between their colour, shape and appearance. This has been observed by other
researchers as reviewed by Pond et al. [125] who stated that surgeons who had
removed fat from different body sites had noticed that it looks and feels different
in various locations. The colour differences could possibly be linked in with
differences in densities of mitochondria, vascularity, hormones, pigments or
melanin. It was the subcutaneous and mesenteric fat deposits that exhibited the
most colour differences, which may be consistent with the ideas previously
mentioned. Mesenteric fat, which has been shown to be quite metabolically
active with increased blood flow [64-66] would require an adequate density of
vasculature to supply and remove lipid. The increased volume of blood
circulating throughout the tissue could change the overall colour. Melanocytes,
which are found in the skin, produce pigmented granules called melanin (either
eumelanin which is brownish-black or pheomelanin which is reddish-yellow)
[55]. The subcutaneous adipose tissue was sampled in close proximity to the
skin and it is possible that the deposition of melanin could have produced the
brownish hue that was observed. This notion has support by Ryan and Curri
[31] who have also found that adipose tissue displayed a brownish tint and
suggest that it could be due to fluctuating levels of iron attracting pigments
(such as melanin, myoglobin and haemoglobin), anti oxidants (vitamin A and E)
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and carotenoids. They also suggested that when adipocytes are lower in lipid
content the pigments remain and are more easily noticed, which could result in
colour differences.

The shapes of the pads from the various locations were quite different in the
way they were positioned within or around the tissue. It often followed the
pattern of the vasculature within the organ that it surrounded or the organ itself
suggesting that the gross structure of fat is subject to local geographical factors
and restrictions.
2.4.2 Arteries
The vascular arrangement observed in the fat pads studied all differed from the
major supplying arteries down to the microvascular bed. This is possibly due, in
part, to the positioning and layout of the adipose store that it serviced in addition
the function of the organ it locates itself around. For example, the mesenteric
fat pad had finger like stores of adipose tissue that ran from a central position
(near the superior and inferior mesenteric arteries) and radiated out to the
intestinal walls. Running through the middle was the main mesenteric arteries
and veins, which mirrored the structure of the fat pad and continued to supply
the intestines.

Often the trend that was set early on in the larger arteries was carried on into
the subsequent smaller branching arteries, but at this level new nuances began
to show through, such as arterial tortuosity. The tortuous nature of vessels
could well be an expression of the nature of ever changing characteristics of
adipose tissue because adipocytes can easily reduce or increase their lipid
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stores. It means that the size of each cell can be quite dynamic and hence the
overall volume of tissue can transform greatly in both extremes. In the case of
weight gain, adipocytes fill with lipid, increasing the overall size of the pad and
in response, the vasculature cannot remain static in order to adequately supply
all the tissue so it must either stretch/extend or grow. Conversely, if adipocytes
were to lose lipid due to weight loss, the overall size of the pad would shrink
and the supplying arteries would not need to be as long, hence there would be
a creation of excess or ‘slack’ in the line and the vessels could become
tortuous. This idea is akin to a bungy rope which when pulled on stretches out
to form a long rope but when tension is released it coils back up to gather in the
excess rope. Another possible explanation for the tortuous nature of the arteries
could be that the tissue needs to be able to deform with the organs around it.
Take, for example, the subcutaneous adipose tissue, the tortuosity of the
vasculature in this depot was quite noteworthy. This could be because the
depot was close to the skin, which has to move and stretch during physical
activity. If the vessels remained rigid then this could cause tearing and rupturing
of the vessels.

2.4.3 Arterioles
At the arteriolar stage, two interesting features appeared in conjunction with the
regular characteristics found at this level, arterial arcading and preferential
channels. Not that both of these two features were a common occurrence in all
the pads sampled, but they were profound enough to be noticeable and
presented more in the subcutaneous (arcades and channels) and mesenteric
(arcades) depots. These features, as previously mentioned, are areas that have
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never been described before in relation to adipose tissue. There has been
however, work in other tissues (skeletal muscle, skin) where these
characteristics have been studied extensively before.

Zweifach and Metz first observed arterial arcades in 1955 and coined the term
“arcade” to define a meshwork of interconnected arterioles [126]. Arcades have
been observed in numerous rat muscle groups. It is thought that in these
tissues the arterial arcade is present to prevent the interruption of blood flow to
the capillary network in case of occlusion of one of the feeding arterioles [112].
The same principle may apply to the arcades found in both mesenteric and
subcutaneous adipose tissue. Obviously further work would be required to
delineate this relationship in these pads. Yet in the case of the mesenteric depot
it could be speculated that an uninterrupted perfusion of the adipocytes is
consistent with the fact that mesenteric adipose tissue is on whole the most
lipolytically active and highly perfused of the adipose depots [66].

Preferential channels have been well documented and are commonly described
in microvascular beds, particularly in skin and the intestines [37, 127]. These
channels allow blood to be directed during time of need e.g. exercise (sweating
and redirection to organs of preference), cold and heat exposure (preservation
of body temperature) and yet redirected to other vascular beds when not
needed. This may be true in the case of the subcutaneous adipose depot in
which preferential channels were observed. For example, in times when there is
environmental cooling (e.g. at night), blood flow to the extremities and outer
layer may need to be redirected to conserve heat. This would include
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subcutaneous tissue because it is intimately related with skin. The subsequent
non-perfused adipose tissue would act as a thermal barrier against the cold
environment.
Preferential channels were not observed in mesenteric, retroperitoneal or
parametrial beds. Although this is an interesting observation it should be
interpreted with caution because it relies on a negative result.

Further

examination of a greater number of samples may detect a low incidence of
theses structures.
2.4.4 The Capillary Bed
It comes as no surprise that the capillary structure and branching designs follow
the same pattern throughout all the pads. This is due to the tissue that it
supplies having the same common denominator, the adipocyte. Whether the
cell is either large or small the same inherent qualities exist for both. As
previously stated, according to Weibel, the geometry of the capillary bed is
dictated by the shape and arrangement of the cells it supplies [76]. The nature
of the adipocyte is such that it would be appropriate to have ‘Y’ and ‘hairpin’
capillary branches since those structures fit well in amongst spherical cells.
Conversely it would be inefficient to have to have ‘T’ and ‘H’ shaped branching
(as found in capillary beds in muscle) which geometrically speaking would not
coalesce as well. The arrangement of the capillaries was found to be random,
but intimate with each of the adipocytes, which could reflect something about
the nature of uptake/release of lipid from the cells in terms of exchange distance
and efficiency.
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2.4.5 Connective Tissue and Inflammatory Cells
Connective tissue can be classified into many subtypes: loose, dense (irregular
and regular), specialised and embryonic [55]. Connective tissue is made up
primarily of collagen fibres in conjunction with reticular and elastic fibres [55].
The results from this study showed that density and arrangement of connective
tissue looked different between the fat pads. Each exhibited different
characteristic patterns of collagen arrangement and density. The presence of
connective tissue in fat has previously been noted by other researchers,
although it role has been little studied. It is known, however, that the collagen of
adipose tissue is, like other tissues, exclusively extracellular and congregates
together as septa, which form the many lobules found in fat depots [55, 125].
Pond et al. state that the abundance and arrangement of connective tissue in
adipose tissue is functionally related to density of blood vessels This has also
been noted by Hausman et al. in a series of studies in developing pigs where it
was found that dense connective tissue may possibly suppress adipogenesis by
physically impairing the development of vasculature [79, 81, 82]. In addition it
was found that capillary bed formation was inversely proportional to the density
of connective tissue. This could be seen to a certain extent in each of the
depots but in varying degrees. The vasculature found in the connective tissue of
the mesenteric, retroperitoneal and parametrial, depots seemed to be denser,
relative to the subcutaneous depot. Interestingly, it was the subcutaneous depot
that contained tightly packed connective tissue whereas the rest had loose
connective tissue. This may have implications on regional variations seen by
past researchers in adipocyte cell size and vascular development.
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The organization of the vasculature was diverse in the fat pads studied. Some
displayed what appeared to look like grossly disorganised patterns of
arrangement (very random e.g. subcutaneous fat pad) whilst others looked
highly organised (systematically laid out parametrial fat pad). This could be due
to the amount of connective tissue deposited in amongst the adipocytes that
group them together into lobes. It has been discussed that connective tissue
can physically impair the development of vessels in fat. This same mechanism
could also have the affect on arrangement of arteries much the same way a
brick wall or concrete slab would to a tree and its roots. In some respects the
pattern of connective tissue arrangement was often reflected in the array of
vessels. For example in subcutaneous adipose tissue the connective tissue was
scattered all around throughout the tissue and the vascular arrangement was
similar, it twisted and turned in all different directions. In contrast, the
retroperitoneal fat pad had a regular pattern of connective tissue and the pattern
was mirrored in the way the vasculature was ordered.

The presence of mast cells in adipose tissue has been noticed before by
previous researchers [80, 128, 129]. The density has been tabulated before in
rats and increased mast cell concentrations have been noted in obese rats [80].
The mast cell is related to, but not synonymous with, the basophil, which
contain granules (histamine, heparin, slow-reacting substance of anaphylaxis
SRS-A) that are involved in inflammatory reactions [55]. Mast cells, through the
release of histamine, cause small blood vessels to become highly permeable
resulting in influx of immune cells to the surrounding tissue [55]. This is but a
small coverage as to the role that mast cells play but are the key points which
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relate to this study as discussed below. The role of mast cells in relation to
adipose tissue is poorly understood. In a review by Ryan and Curri they mention
that the relationship could lie somewhere with the stimulation of mast cells by
the autonomic nervous system (via α receptors) which causes an increase in
microvascular permeability through histamine release [80]. If this happened in
concert with β adrenergic stimulation releasing fatty acids from the adipocyte,
the resultant increase in capillary permeability may allow free fatty acids to reenter the circulation [80].

The mast cells could also be involved in immune function in that if there is the
need for the attraction of immune cells (eg. Macrophages, neutrophils,
basophils and eosinophils) due to some antigen exposure, it would degranulate
to release histamine, increase microvascular permeability and allow the immune
cell to infiltrate the surrounding area. There are quite a large number of these
mast cells in amongst the adipocytes, which suggests that if this were to be
true, that something more than just an inflammatory response is occurring.

2.4.6 Strahler Analysis
The Strahler diagrams displayed the vascular branching in the adipose tissue
using a geometric method. The Strahler diagrams for all the fad pads were
different in layout and structure. This is hardly surprising since the results from
earlier sections of this chapter reported similar findings. The results from the
Chi-squared analysis concluded that there was no significant difference in the
number of branches between any of the pads. It was not possible in this thesis
to measure differences in the spatial pattern by statistics. However, the
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diagrams that were drawn are still important contributions to the description of
the anatomy of adipose tissue vasculature. For these sets of diagrams are
simplistic aids to display what is sometimes as difficult picture as seen in some
of the anatomical descriptions earlier. It is, for example, akin to a road map.
Road maps contain the basic information of an area(s) with out plotting
unnecessary objects to complicate your navigation for example trees and
houses.

These results were based on sedentary rats only and were only one sample
taken for each pad. Further investigation using more samples per pad and
examining the relationship with adipocyte cell size is definitely warranted (see
chapter 5).
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Chapter 3 – The Microvascular Unit and its Response to Weight Loss

3.1 Aims
The aim of this experiment was to elicit a marked change in adipocyte lipid
content, hence resulting in a reduction of total fat store and investigate the
effects this has on the microvascularisation of adipose tissue. Of particular
interest was to examine capillary diffusion distances in relation to the notion that
the microvasculature may remodel after a period of chronic weight loss. As
reviewed in Chapter 1, weight loss can be brought about in numerous ways.
The two most common natural therapies that can be used in rats are caloric
restriction and exercise. Caloric restriction alone induces more total body weight
loss than a loss of fat mass and in some cases can be detrimental to lean mass
[37, 42]. Exercise promotes the sparing of lean tissue and the reduction of lipid
content of adipocytes; hence rats were exercised to induce loss of fat mass,
rather than being placed on a reduced energy intake regime. Moreover, Pitts
found that female rats will run voluntarily up to 20km each day [130], which
causes a significant reduction of lipid stores. Female rats typically have a 4-day
oestrus cycle (oestrus, metestrus, diestrus and proestrus) and run most at
proestrus and least during metestrus [131] due to the varying circulating levels
of the sex hormones oestrogen and progesterone. Oestrogen acts to increase
energy expenditure, whereas progesterone antagonises these effects and aids
the conservation of energy [132]. In addition, to further delineate the relationship
between the intensity of weight loss and the possible change in
microvasculature, groups of rats were to be exercised for varying amounts of
time to result in period dependent fat loss.
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3.2 Methods
3.2.1 Running Wheel Protocol
Thirty rats were divided into five different groups, four with differing periods of
running in specially adapted running chambers and one control group, which
remained sedentary within a normal rat cage. Each group where made up of 6
female Wistar rats (R. norvegicus) obtained from the Animal Resource Centre
(Perth, Western Australia). The groups were set up to start running at different
ages so that all the rats (including the sedentary group) were sacrificed at
exactly the same age to eliminate any age-dependant variable that may affect
results. All the rats within each group were of the same litter so as to try to
maintain the homogeneity of results. The exercising chambers consisted of a
modified cage and running wheel with a width of 10cm and radius of 16cm
(circumference 100cm) attached. Each running wheel had a counter
(cyclometer), which measured the distance run in meters. All running was
spontaneous and not induced in any way. All the rats were fed standard
laboratory chow along with water ad libitum during the time of the study and
were housed in environmentally controlled conditions (temperature 220C, light
cycle from 0600 to 1800h and dark cycle from 1800 to 0600h). Measurement of
weight and distance run was recorded daily (at the end of the light period 1600
to 1800h) for the period that the rats were in the running chambers. Handling
the rats everyday was very important because each rat was in an individual
cage and if left un-handled would become stressed, affecting running data.

123

Michael Cartwright – MSc (Honours) Thesis

Table 3.1. The running protocol is summarized in the table below.

Days Run N

Age (days) of Rats when

Age (days) of Rats when

starting running

sacrificed

0

6

254

254

16

6

238

254

32

6

222

254

64

6

190

254

128

6

126

254

3.2.2 Bleeding of Rats and Plasma Extraction
Six female wistar rats (which did not take place in either the running or
sedentary protocols) were used to sample blood in order to extract rat serum
albumin. The rat was wrapped in towel, which acted as a restraint and
minimized stress during the bleeding process. The tail was cleaned with 70%
isopropyl alcohol (3515-4L, Crown Scientific, Australia) and then heated in a
beaker of warm water to induce vasodilation of the tail vein. Once patted dry,
approximately 1-2mm of tail was then sliced off the tip of the tail and blood was
collected into 2 ml eppendorf tubes and placed in ice. To aid in the bleeding
process the tail was gently squeezed from the proximal portion of the tail to the
distal bleeding tip in a “milking” fashion. The blood was allowed time to form a
fibrin clot to aid in the removal of the red blood cells. The samples were then
spun in a microfuge (Econospin, Sorvall Centrifuge Instruments) for 10 minutes
at 1000g and then the plasma was carefully sucked off and transferred to a new
eppendorf tube for storage in a freezer at -200C until ready for use. In total 7ml
of rat plasma was collected.
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3.2.3 Conjugation of Fluorescein Isothiocyanate to Extracted Rat Plasma
Proteins
The 7ml of rat plasma was dialysed against Dulbecco’s 0.1M phosphate
buffered saline (D5652, Sigma-Aldrich, USA) (overnight at 40C. Prior to
incubation of the plasma with Fluorescein Isothiocyanate (FITC) (100276, ICN
Biomedicals, Australia), the temperature was stabilized to 250C for 1 hour. The
rat albumin was conjugated with FITC at a reaction molar ratio of 30:1. A stock
of FITC (0.75mg/ml) in 0.1M Na2HPO4 was made up at room temperature. This
solution had to be use within an hour of its preparation. All reactions took place
in a 250C water bath. In a small glass tube, 1.75ml of 0.2M Na2HPO4 was
added drop wise over 2 – 3 minutes (with stirring) to 7ml of 50mg/ml rat
albumin. This was followed by 3.5ml of FITC solution (0.75mg/ml) added drop
wise over 2 –3 minutes with stirring. The pH was then adjusted to 9.5 with 0.1M
Na3PO4 after which the mixture was made up to a final volume of 14ml with
0.145M NaCl. The reaction was allowed to proceed for a minimum of 2 hours at
room temperature (in the dark). To remove any unbound FITC, the mixture was
dialysed against phosphate buffered saline pH 7.2 – 7.4 at 40C in the dark for 2
weeks. The phosphate buffer was changed daily. During this time, samples of
the diluent were taken and the levels of unbound FITC measured using a
Fluorimeter. Once the concentration of dialyzable FITC was negligible the FITCAlbumin mixture was removed from the dialysis tubing and measured out into
1ml aliquots in 1.5ml freezer tubes. These where then freeze-dried overnight
and then stored in the dark at –200C until ready to be used. The fluorochrome to
protein ratio was then worked out using a LKB Biocrom UltraSpec II
spectrophotometer and the equation below:
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2.87 × OD495
moles of fluorescein
=
moles of protein
OD280 − 0.35 × OD495

Using the above equation the fluorochrome to protein ratio was 0.132. The
mixture was reconstituted using 1ml of heparinized saline per 1.5ml eppendorf
tube. This was made up just prior to being injected into the rats for in-vivo
labelling of capillaries in the run and sedentary rats.

3.2.4 Paraffin Sectioning
The FITC labelled rat adipose tissue was removed from the Zamboni’s fixative
(see appendix C) and rinsed in 0.1M PBS. The tissue was placed in a labelled
cassette and loaded into a Sakura Tissue-Tek® VIP tissue processor. The
process of dehydration and infiltration with paraffin wax took approximately 1
day.

Once the infiltration cycle was complete the tissue was removed from the
cassettes and placed into steel moulds, embedded in liquid paraffin and set on
a cold plate (Sakuara Tissue Tek TEC) at –50C. The blocks of tissue were then
cleaned and trimmed on a microtome (Microm HM-325). Before cutting
sections, the blocks were chilled on a cold plate at -50C. A block was then taken
from the cold plate and loaded into the chuck and a section 8µm (or 15-60_m
for Chapter 2.2.6) was cut. The tissue was then floated onto a water bath at
450C and picked up and mounted on to labelled 25x75mm gelatinised slides.
The slides were then placed into racks and left to dry out overnight in an oven at
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400C. Once the sections had completely dried they were ready for staining with
Haematoxylin and Eosin.

3.2.5 Staining with Haematoxylin and Eosin
The slides were then deparaffinized and brought back to water by running the
sections through a series of washes. The table below summarizes this:
Table 3.2 The protocol used for deparaffinizing processed tissue.

Solution:

Duration:

Xylene

3 minutes (5 for thicker sections)

Xylene

3 minutes (5 for thicker sections)

100% Ethanol

3 minutes (5 for thicker sections)

100% Ethanol

3 minutes (5 for thicker sections)

95% Ethanol

3 minutes (5 for thicker sections)

70% Ethanol

3 minutes (5 for thicker sections)

Water

Until ready to stain

Once the slides were brought to water, then sections were placed in
Haematoxylin for 3 minutes (15 minutes for thick sections) after which they were
rinsed in water to remove excess stain. The sections were then differentiated in
a 10% Lithium Carbonate solution for 3 minutes and then washed again in
water. At this point the intensity of the stain was assessed using a low powered
microscope. The sections were then placed into an alcoholic Eosin counterstain
for 1.5 minutes. Without rinsing, the sections were run back up through two
100% Ethanol washes and two xylene (JJ0303 AR, Fronine, Australia) washes
for three minutes each. The slides were then cover slipped using DPX mountant
and 22x40mm glass slips and left to dry overnight.
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Table 3.3 Summary of slides cut and stained.

Group

Tissue Sampled

Section Cut

Stains

All groups
(n=30)

Parametrial
Mesenteric
Retroperitoneal

8µm
8µm
8µm

H&E
H&E
H&E

TOTAL

90 sections

Additional Thick Sections (For Chapter 2)
R122

Retroperitoneal

15µm
30µm
60µm

H&E
H&E
H&E + CV

3.2.6 Staining Thick Sections with Cresyl Violet
The thick sections of tissue were stained in a 0.5% aqueous solution of Cresyl
Violet (pH 3.9) to show up Nissl tissue. The sections of tissue were immersed
in the Cresyl Violet solution for 10 minutes just prior to the Eosin step. The
slides were rinsed briefly in tap water afterwards to remove excess stain.
Caution was taken during this step in order to not pull too much of the stain out
of the tissues.

3.2.7 Confocal Microscopy
All 90 sections were examined using a Leica TSC Confocal Microscope, using
an excitation wavelength of 488nm. Images were captured using Leica XLS
computer software at 16x magnification, a fixed z plane, and sampling 32 times
to eliminate any noise in the signal to produce a clear image for analysis. The
pictures were randomly sampled to eliminate bias as follows. A rectangular grid
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of 1000 numbered coordinates defined by the grid intersections was created in
Adobe Illustrator 10. It was then exported as a Tiff-file to generate a
photographic slide with a spacing of approximately 10 micrometers. The slide
was then stuck to a glass microscope slide and placed on top of the slide with
the section on it. Using a random number generator a figure between 1 and
1000 was produced and the image was sampled from that coordinate. For each
slide the same coordinates were never sampled twice.

The following method of measuring adipocyte capillary diffusion distances was
developed based on the method used by Kayar et al. [133, 134] and Loats et al.
[135]. The images were then downloaded into Adobe Photoshop v6.0 and a
prefabricated grid (also made up in Photoshop) of concentric circles was
superimposed as a separate layer onto the microscope image (Figure 3.1). The
grid was made up of multiple concentric circle units arranged in a hexagonal
pattern in order to fit the maximum number of units into the one square area.
Each concentric circle unit was comprised of 6 circles, each being, at the scale
of the micrograph, 10µm greater than the next. The reason why 10µm circle
spacings were chosen was because the average capillary diameter varies
between 6-8µm, therefore 10µm spacings would allow for ease of identification
of a capillary transection within each circle. Hence the concentric circles formed
diffusion zones10, 20, 30, 40, 50 and 60µm.
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Figure 3.1 Example of a confocal image with the prefabricated grid of concentric circles
overlaid in Adobe Photoshop 6.

3.2.8 Capillary Diffusion Distances (Measuring R50 and R95)
The following method was based on the method used by Kayar et al. [133, 134]
and Loats et al. [135]. After the grid had been placed randomly over the top of
each image the scoring of capillaries began. Starting at the bottom and working
left to right the capillaries were scored in terms of which zone they lay to build
up a profile of capillaries. The zones (marked out by the concentric circles) were
10, 20, 30, 40, 50 and 60µm. Counting ceased once the cumulative score
reached 20. For example one image could score like this, 10=3 hits, 20=2 hits,
30=1 hits, 40=8 hits, 50=3 hits and 60=3 hits, which gives a total of 20. The
counts were then converted to cumulative frequency scores e.g. 3, 5, 6, 14, 17
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and 20. Once the cumulative frequency scores were converted to 100 (scaling
factor x5 – 15, 25, 30, 70, 85, 100) a logarithmic transformation of the
cumulative frequency scores was performed. This yielded an equation from
which the R50 and R95 could be calculated. The R50 and R95 were measures of
the average diffusion distance and the maximal diffusion distance respectively
determined from the frequency distribution plot.

3.2.9 Adipocyte Size
Adipocyte cell diameter and area were measured by using the program
Prometheus, which was a modified NIH Image analysis tool [136]. The images
for example in figure 3.1 were loaded into the program and then converted into
a binary signal (red and black pixels). The image was adjusted using a
threshold tool to place bounding boxes around each adipocyte. The area was
then calculated base on the maximum ellipse that fitted wholly within the
bounding box. The incomplete adipocytes on the top and left borders were
excluded from the measurement using moveable exclusion borders. This
technique is considered valid in stereological methods and has been used
previously for tissue stereology [1, 76]. The values were then averaged and
processed in Excel using the equation V=4S3/2/(3/√π) (where V=volume and
S=Area) to calculate the volume of a sphere that had been taken from a plane
[137, 138]. This produced a volume in picolitres.
3.2.10 Adipocyte to Capillary Ratio
Using the data gathered from the capillary diffusion distance (R50) and the
adipocyte cell size (diameter) a ratio was formed to assess changes in the
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capillarity of the tissue. The diameter was used in preference to volume since it
was thought to give a better relationship that both diameter and R50 are linear
measurements.
3.2.11 Statistical Analysis
In order to be analysed statistically the adipocyte to capillary ratios underwent a
logarithmic transformation. The results were analysed using a general linear
model performed pairwise with the Tukey Kramer method using Minitab v13.
Significance was set at p<0.05 with 95% confidence limits.

3.3 Results
3.3.1 Running Distance and Body Weight Changes (Table 3.4 and Figure 3.2)
The longer the rats spent in the running wheel cages the greater the cumulative
running distance.
Table 3.4 Summary of the mean running distance and the mean whole body weight
changes (n=30).

Days Run
128 (n=6)
64 (n=6)
32 (n=6)
16 (n=6)
Sedentary (n=6)

Distance
Run (m)
938537.50
414564.83
45723.33
15217.67
0

Starting
Finishing Weight
Weight (g)
(g)
275.00± 11.92
348.33 ± 22.10
284.67 ± 8.09
293.00 ± 3.49
278.83 ± 5.19
277.50 ± 7.32
292.33± 10.65
278.83 ± 9.35
0
393.16 ± 3.29

Change in
Weight
73.33
8.33
-1.33
-13.50
0

All rats underwent a short training effect with regards to their running. This was
a period whereby the running of the rat was only slowly increasing as they
became accustomed to their new cages. In the 32, 64 and 128 day running
periods the training effect was more evident from the graphs but not so in the 16
day running period. The amount of time that it took for the rats to become
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trained to the running wheel differed slightly between the groups. After this initial
training phase, the rats of the 32, 64 and 128-day running periods increased
their running activity considerably. This elevated running activity for these rats
stay fairly constant for the rest of the duration of their running period with the
exception of the 128-day rats. In the last third (~ day 80 onwards) of their
running period the running activity slowed down slightly.

There was no statistical difference between the initial whole body weights in any
of the groups (>0.05) despite them starting running at different ages. Even
though the amount of time the rats spent in the running wheels was reflected in
the cumulative distance, this was not so evident in the starting and finishing
body weights. The 128-day rats ran the most distance but put on the most
amount of weight whereas the 16-day rats ran the least distance and lost the
most amount of weight. The overall trend was that the greater time spent
running in the wheels the greater the amount in weight gain. In all the groups
there appeared to be an initial period of either weight stabilisation or slight
weight loss. This appeared to occur in the first 15 days for the 16, 32 and 64day rats however in the 128-day rats the period was extended up to around the
40th day. This initial period of either weight stabilisation or slight weight loss
appeared to occur in concert with the training effect seen in the running
patterns. It was interesting to note that all the groups, with exception of the 16day rats, began to gain weight after the initial training effect during which the
running rates increase dramatically. The 64-day rats however did lose a slight
amount of weight (approximately 3-4%) towards the end of their running period.
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The sedentary rats did not run at all and were the heaviest at the time of
sacrifice. This was at the same age as all of the other rats.
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Figure 3.2: Mean Running Distance and Whole Body Weight versus Running Period

A

Results of mean running distance and mean whole body weight for the
rats that spent 128 days in the running wheel cage. The mean run
distance was equivalent to running from Sydney to Melbourne. The mean
weight was stable for approximately 40 days after which weight was
gained at a steady rate. The closed in circles are the mean values taken
every 8 days with standard error bars.

B

Results of mean running distance and mean whole body weight for the
rats that spent 64 days in the running wheel cage. The weight gain was
stable until around 25 days after which there was a period of weight gain
and subsequent weight loss. The closed in circles are the mean values
taken every 8 days with standard error bars.

C

Results of mean running distance and mean whole body weight for the
rats that spent 32 days in the running wheel cage. This group overall
stayed fairly static in terms of body weight. They lost body weight in the
first half of the running period after which they started to regain weight at
the same rate they lost it. The closed in circles are the mean values
taken every 8 days with standard error bars.

D

Results of mean running distance and mean whole body weight for the
rats that spent 16 days in the running wheel cage. There was weight lost
in this group, however it was only very slight. The closed in circles are
the mean values taken every 8 days with standard error bars.
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3.3.2 Capillary Diffusion Distance (R50 and R95) and Adipocyte Size
In the following tables (table 3.5 – 3.8) pL = Picolitres, R50 = Mean Capillary
Diffusion distance, R95 = Maximal Diffusion Distance, µm = micrometres and Ø
= diameter.

Table 3.5 Summary of the average Mesenteric adipose capillary diffusion distance and
adipocyte size with standard error (n=30).

Days Run
128 (n=6)
64 (n=6)
32 (n=6)
16 (n=6)
Sedentary (n=6)

Volume (pL)
86.89±13.64
28.70±4.47
46.40±7.60
28.67±3.35
101.93±10.86

R50 (µm)
33.76±3.75
34.68±1.21
35.99±1.67
33.25±0.65
41.19±0.78

R95 (µm)

Ø (µm)

50.29±2.30
45.84±0.66
47.26±0.78
47.37±1.04
51.79±0.75

55.87±3.20
39.39±2.29
45.60±3.03
39.29±1.70
59.38±2.18

Ø:R50
1.65
1.14
1.27
1.18
1.44

Table 3.6 Summary of the average Parametrial adipose capillary diffusion distance and
adipocyte size with standard error (n=30).

Days Run
128 (n=6)
64 (n=6)
32 (n=6)
16 (n=6)
Sedentary (n=6)

Volume (pL)
308.85±48.51
92.07±15.11
71.96±18.37
84.17±8.25
357.84±29.73

R50 (µm)
40.43±2.58
37.57±1.39
33.28±2.40
38.45±0.46
40.33±1.86

R95 (µm)
53.21±2.58
49.84±1.14
46.88±1.07
49.68±0.99
53.07±1.31

Ø (µm)
83.14±5.84
57.20±3.72
51.95±4.92
55.68±1.97
88.81±3.12

Ø:R50
2.06
1.52
1.56
1.45
2.20

Table 3.7 Summary of the average Retroperitoneal adipose capillary diffusion distance
and adipocyte size with standard error (n=30).

Days Run
128 (n=6)
64 (n=6)
32 (n=6)
16 (n=6)
Sedentary (n=6)

Volume (pL)
262.86±28.15
71.73±8.71
80.03±12.57
110.30±6.99
366.28±24.40

R50 (µm)
38.46±2.42
37.00±1.45
34.94±1.20
36.57±1.37
38.71±1.92

R95 (µm)
50.57±2.16
49.30±1.45
46.96±1.78
49.30±1.38
51.03±1.59

Ø (µm)
80.34±3.40
53.60±2.57
54.71±3.35
61.11±1.53
90.81±2.65

Ø:R50
2.09
1.45
1.57
1.67
2.35
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Table 3.8 Summary of average (combined pads) adipose capillary diffusion distance and
adipocyte size with standard error (n=30).

Days Run
128 (n=6)
64 (n=6)
32 (n=6)
16 (n=6)
Sedentary (n=6)

Volume (pL)
219.53±24.20
64.17±8.72
66.13±7.73
74.38±6.89
275.35±21.51

R50 (µm)
37.55±1.98
36.42±0.88
34.73±0.79
36.09±1.52
40.08±0.73

R95 (µm)
51.36±0.93
48.33±1.25
47.03±0.12
48.78±0.71
51.96±0.59

Ø (µm)
63.47±2.89
42.94±2.02
43.78±1.97
45.06±1.86
69.97±2.48

Ø:R50
1.93
1.37
1.46
1.43
2.00

3.3.2.1 R50 versus Running Period
Based on the results from the ANOVA there was a significant difference
between the run rats and the sedentary rats (figure 3.3). The sedentary rats had
a greater R50 compared with all the run rats regardless of running period. The
mean R50 of all the rat groups followed a slight parabolic trend with respect to
running period (figure 3.3). It decreased from the sedentary rats to the 16-day
group. Then further to the 32-day run rats, who had the lowest mean R50 of all
the groups (p=0.0041 sedentary versus 32-days using Tukey pairwise test).
After 32-day group, the R50 of the 64-day group increased to a mean value
slightly greater than the 16-day group. Finally the 128-day group R50 increased
further than all the other run groups but not a great as the sedentary rats mean.
All the R50 values were normally distributed when treated as a whole group or
as separate pads (see appendix F) using the Anderson Darling Test.
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Figure 3.3 Results of R50 by Running Period (days). ∗ = Sedentary versus 32-days run
(p=0.0041) by ANOVA.

3.3.2.2 Diameter versus Running Period
Based on the results from the ANOVA there was a significant difference
between the run rats and the sedentary rats (figure 3.4). The sedentary rats had
a greater diameter compared with all the run rats regardless of running period.
The 16, 32, and 62-day rats were all significantly lower in adipocyte diameter
compared with the sedentary rats when using a Tukey pairwise test (16, 32 and
64-days run vs. sedentary p=0.00001). The diameter dropped dramatically from
the sedentary rats to the 16-day run rats and then dropped slightly again to 32days and reached its lowest at 64-days run. In contrast, the 128-day rats
increased in adipocyte diameter (but was less than the sedentary rats) and was
not significantly different (p>0.05) compared the sedentary rats when using a
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Tukey pairwise test. The 16, 32 and 64-day rats were significantly lower than
the 128-day run rats when using a Tukey pairwise test (p=0.00001).

Figure 3.4 Results of Adipocyte Diameter by Run Period (days). ∗ = Sedentary versus 16,
32 and 64-days run (p=0.00001) ANOVA. O = 128-days versus 16, 32 and 64-days run
(p=0.00001) ANOVA.

3.3.2.3 R50 and Diameter versus Fat Pad
There was no significant difference between any of the fat pads with regards to
R50 (p>0.05) (figure 3.5). There was a significant difference between the
mesenteric fat pad compared with the parametrial and retroperitoneal fat pads
(p=0.0001). There was no significant difference between the parametrial and
retroperitoneal fat pads (p>0.05).
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Figure 3.5 Comparison of R50 by Fat Pad differences by ANOVA.

Figure 3.6 Comparison of Adipocyte Diameter by Fat Pad. ∗ = Mesenteric versus
Parametrial and Retroperitoneal (p=0.0001) ANOVA.
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3.3.2.4 R50 versus Diameter
The results from the regression analysis of R50 with adipocyte diameter (from all
the groups pooled together) showed that there was a weak trend (r2=0.228). As
adipocyte diameter increased or decreased so to did R50 (figure 3.7).

Figure 3.7 Regression Analysis: R50 versus Adipocyte Diameter. The equation for the
2

regression line is R50 = 29.6 + 0.140.diameter and R = 0.228.

3.4 Discussion
3.4.1 Running Distance and Weight Changes
The study was designed to emulate weight loss model of humans. The rats
were placed in a cage with a running wheel in which they could run voluntarily.
It has been suggested that forced running may result in a stress-induced
increase in energy expenditure and could bias the end result [132].
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Male and female rats respond to voluntary running differently. Males tend run
much less than females, which have been shown to run up to 50-80% more
[139]. This is predominantly due to their 4-day oestrus cycle because the
females run many-fold more on their day of oestrus [132, 139]. The aim was to
look at the effect of duration of exercise on the adipose tissue microvasculature.
Since the success of the experiment hinged on using rats that would be
reasonably active it would not have been prudent to have a group of male rats
in the running wheel cages. This is primarily the reason why female rats were
chosen for the study rather than males.

A training effect was noticed in all the groups up until around the 20th day. That
was an adaptation phase whereby running of the rats slowly increased as they
acclimated to the cages after which the rate of exercise increase dramatically.
As reported the training effect was fairly evident for all the running periods but
not for the 16-day rats since these rats ceased their running period around the
time they would have begun to settled into the cages. Other researchers have
also reported this training effect. Shyu et al. noted that their rats displayed
training effect that lasted up to 28 days, slightly longer than what was reported
in the present investigation [140]. After the 28-day mark their rats increased
their running activity [140].

The 128-day rats showed a slowing down of running rat towards the end of their
running period (approximately the last third), a trend that was also noticed by
Barr and Decombaz [132]. In this experiment female rats ran voluntarily for a
period of 24 weeks (168 days) during which they noted that the running activity
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decreased gradually from 16 weeks (112 days) to 24 weeks (168 days). They
did not offer an explanation as to why this happened. A possible explanation
could be that at around the 80th day the rats started to find the running wheel
less stimulating and therefore slowly decreased the amount they ran.
Alternatively it could be possible that the rats reach a point around day 80
where their oestrus cycle becomes interrupted through all the exercise and the
different phases are either drawn out or diminished through hormonal
imbalance. Endurance exercise has been shown to effect females of both
humans and rats. Chatterton et al. noticed acyclic ovulation patterns in their
exercising rat population after day 21 of rigorous forced running on a treadmill
[131]. They saw an extended period of progesterone secretion with delayed
ovulation. This could very well have effects on running patterns but it is hard to
say for sure since their discoveries were based on very harsh training protocols
and not on voluntary run rats.

It was noticed that body weight did not drop dramatically when the rats
exercised in the running wheels for the different time lengths. There was some
weight loss in the 16 and 32-day rats but this was only minor considering the
distance they ran relative to their size. The 64 and 128-day rats maintained their
weight however the 128-day rat did increase whole body weight slightly. These
findings are consistent with the literature which has shown that the body
composition of rats change with exercise through loss of fat and increase in
muscle mass [130]. Exercise has been shown to decrease weight in all animals
over time due to the increase energy expenditure (see chapter 1.2.2). So why is
this not the case with these rats? There could be several possibilities. The rats
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may have eaten more the longer they spent running however this does not tie in
well with the idea that exercise is supposed to suppress hunger. Their running
activity could have slowed down markedly, (as mentioned previously) which
could have decrease energy expenditure possibly sending the rats into positive
energy balance. This was only the case for the 128-day rats and they only
showed a slight slowing in running activity. Perhaps it was not only an increase
in adipose tissue contributing to the gain in whole body weight but also a partial
increase in muscle tissue. For example as the rats exercised more, the muscles
hypertrophied as strength and fitness developed which could have increased
whole body weight. This would need further study using non-invasive
techniques so as not to disturb the running patterns of the rats. This could be
done, for example, using Magnetic Resonance Imaging (MRI) although MRI’s
are rare commodity and expensive to use. Tridiated water has been suggested
as a means of working out total body adiposity upon sacrifice of the rats though
this method is yet to be validated and is fairly costly. Cortright et al. reported
that when they subjected female rats to voluntary running for 9 weeks their
weight increase at the same level as the female sedentary controls [139]. They
still ran more than the males and had lower body weights but when the
exercised males were compared to their sedentary controls were lighter. They
suggested that female rats might have a better energy deficit protection
mechanism compared to males. It was hypothesised that this could be
controlled through gender specific hormonal responses.
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3.4.2 Capillary Diffusion Distance in Relation to Adipocyte Volume Changes
3.4.2.1 Time Course versus adipocyte size and R50
When designing the experiment it was unknown as to what affect the duration of
running would have on overall adipose tissue loss and mean capillary diffusion
distance (R50). It is well known and reported in the opening chapter that if an
animal is consistently in a state of negative energy balance, for a duration of
time, that the overall effect is that adipose tissue is decreased in size. The aim
was to investigate what effects different stages of weight loss had on mean
capillary diffusion distance in adipose tissue. For this reason the experiment
was set up on the basis that more time spent running would correspond to
decrease in the mass of fat (see [58]). It was unknown at the outset what time
would be the optimum for changes in adipose tissue therefore a logarithmic
series of times was examined (16, 32, 64 and 128 days). A priori it was
hypothesised that longer times spent running would correlate with greater
adipose tissue mass changes until some stable steady state was reached. The
results showed that a significant trend (p=0.001) emerged when analysing the
adipocyte size and mean capillary diffusion distance data in terms of time
course. The overall trend was adipocyte size and mean capillary diffusion
distance decreases from sedentary to 32-days run and then plateaued with a
subsequent increased in the 128-days run (almost to the level of the sedentary
rats). However, a post hoc analysis to show correlation between days running
or distance run versus the effects on adipocyte mass or capillary diffusion
distance lacked the robustness of analysis planned and performed a priori since
post hoc analyses require greater confidence limits to reach statistical
significance. Since there was a significant trend regarding the adipocyte size
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and mean capillary diffusion distance around 32-days it warrants further
investigation into this phenomenon over a more closely controlled time course.
3.4.2.2 Capillary remodelling diagram (figure 3.8)
The results presented in this thesis show that both the capillary diffusion
distance and the adipocyte diameter change in unison. In the period up to 32
days running both parameters decrease. By 128 days both parameters are
increasing and approaching those of sedentary rats. The absolute magnitude of
change is large for adipocyte size; a three-fold decrease in volume is evident
(see table 3.8). The corresponding changes in capillary diffusion differences
are much smaller (only 10% difference).

The fact that capillary diffusion distances do not change remarkably despite a
three fold change in adipocyte mass has important implications in interpreting
the changes that occur as the adipose tissue responds to weight loss. The data
in table 3.8 indicate that the ratio of adipocyte diameter to diffusion distance is
approximately two in the sedentary rats. This can be loosely interpreted as
though there are two capillaries for every adipocyte (when viewed in any crosssection of adipose tissue). In the exercised rats this ratio falls to one to one
point five. The changes that take place in response to fat mass loss can be
explained by two alternate hypotheses depicted in figure 3.8 as follows:

Mechanism A:

As mentioned in the previous paragraph, two capillaries served each adipocyte
in the sedentary rats. In addition the exercised rats were in a state of negative
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energy balance. This caused the adipocytes to decrease in size and the
capillaries remodel through cell death of capillary endothelium. The overall
outcome for rats running 16, 32 and 64-days would be that there is a decrease
in adipose tissue mass (three fold) and a decrease in the number of capillaries
per adipocyte (1 to 1.5 capillaries per adipocyte). Importantly the capillary
diffusion difference is virtually unchanged (10%). After this there is an
expansion of the adipose tissue mass due to an increase in unused energy in
the rats that ran for 128 days. As a consequence the capillaries begin new
growth and increase in number to accommodate for the swelling in adipocyte
size the ratio increases to 2. The resultant adipose tissue mass, which is
indicative of the 128-day rats, is not as quite as big as the original (sedentary).

Mechanism B:

Adipocytes started out as before with two capillaries suppling them each
(sedentary rats). The rats exercised resulting in a state of negative energy
balance. In order to arrive at the new the capillary diffusion distance and the
ratio of adipocytes to capillaries without loss of capillaries there must now be a
decrease in adipose tissue mass and a decrease in the number of capillaries
per adipocyte (1 to 1.5 capillaries per adipocyte). This could only be produced
by the adipocytes cleaving and forming smaller cells if the capillaries did not
remodel. This outcome is representative of the 16, 32 and 64-day running
period rats. After this there is an expansion of the adipose tissue mass due to
an increase in unused energy. As a consequence the adipocytes die off and the
capillaries remain static in number so increasing the ratio of capillaries to
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adipocytes. The resultant adipose tissue mass, which is indicative of the 128day rats, is not as quite as big as the original (sedentary).

Figure 3.8 Capillary and adipocyte remodelling.

The sequence of events found in mechanism A in relation to adipocytes, has all
been shown in the past, to be biologically accepted mechanisms [55, 80].
Adipocytes have been well documented to hypertrophy and atrophy with
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fluctuations in energy storage and usage. In contrast in mechanism B, the
events that take place have been shown to occur in other cells systems in
nature but seem to inappropriate and illogical for adipocyte expansion and
reduction.

One way the capillary remodelling could be occurring is through a process of
phagocytosis of the capillary endothelium via inflammatory cells such as
macrophages and neutrophils. When the adipocytes shrink the excess capillary
bed may undergo a process of cell death (either necrosis or apoptosis). The
dead capillary endothelial cells would need to be removed and cleared away.
This process is usually performed macrophages and neutrophils [55]. These
cells would need to access the area and directed to which capillaries need to be
disposed of, a role which is usually fulfilled by mast cells [55]. It was interesting
to note that mast cells, neutrophils and macrophages were all observed in the
adipose tissue when studying the microanatomy in chapter 2 (see chapter 2.3.6
and 2.4.5). Further work is definitely needed to clearly establish if there is a
significant link between the suggested capillary remodelling scheme and the
presence of inflammatory cells (see chapter 5).
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Chapter 4 – Diet Induced Obesity. Hypertrophy versus Hyperplasia

4.1 Aims
The primary aim of this study was to investigate what effects dietary induced
obesity had on the cellularity of adipose tissue in normal healthy mice. The
effects of a regime of dietary-induced weight gain have been investigated
previously only in mice genetically predisposed to Non Insulin Dependant
Diabetes Mellitus (NIDDM) [141]. This experiment proposes a different model of
diet-induced obesity in healthy wild-type mice. This study was designed to
investigate the two cohorts of mice that consumed a high fat diet. The first
selected as the quintile of mice at the top of the distribution curve for body
weight and the second at the bottom of the distribution curve for body weight.
Both groups were then compared to a group of control mice fed a low fat diet. In
some respects it is an extension of the work undertaken by Faust and coworkers on rats in 1978 [27], who first postulated that there was a set size that
adipocytes had to reach before recruiting pre-adipocytes to expand the depot.
Faust et al. only studied the histology of dietary induced obese rats and
compared them to the control rats. This study goes one step further and
explores the cellular responses of mice fed a high fat diet with respect to the low
fat fed control mice.
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4.2 Methods
4.2.1 Dietary Induced Obesity Protocol
Forty, 10 week old, C57BL male mice were purchased from the Animal
Resource Centre (Perth, Western Australia). They were housed individually in
environmentally controlled conditions (temperature 220C, light cycle from 0600
to 1800h and dark cycle from 1800 to 0600h) and were allowed to consume
food and water ad libitum through out the experiment.

Mice were fed standard laboratory chow for the first week to allow them to adapt
to the new environment. They were then randomised, and 34 mice were placed
on a high fat diet containing 40% fat, 44% carbohydrate and 16% protein (% of
total mass). The remaining 6 mice were placed on a low fat diet containing 10%
fat, 74% carbohydrate and 16% protein (% of total mass). Energy intake and
body weight was measured weekly (see Appendix G). The mice fed on these
diets for a total of 20 weeks. After 20 weeks, two sets of six mice in high fat fed
diet were sampled. The six mice that had gained the highest body weight were
taken and labelled Dietary Induced Obese (DIO) group (18.7g±0.9g) and the six
mice that had the lowest body weight were labelled as Diet Resistant (DR)
group (11.1g±1.2g). The six low fat (LF) fed mice were classified as the control
group.
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4.2.2 Experimental Design and Assignment of DIO, DR and Control Mice

40 C57BL mice, 1 week lab chow

HF
34 mice, 20 weeks

Highest gainer
of body weight

Lowest gainer
of body weight

6 DIO mice

6 DR mice

LF
6 mice, 20 weeks

Sections of tissue taken for histology to measure fat a/b axis,
perimeter, cell size and volume

Figure 4.1 Flow chart showing how the dietary groups of mice were derived in the study.
Mice where fed either a high (HF) or low (LF) fat diet for 20 weeks and then sacrificed.
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4.2.3 Composition of Low and High Fat Diets
Table 4.1 Dietary Compositions of the High and Low Fat Diets.

HF

LF

Total energy, kcal/100g
Fat
Protein
Carbohydrate

40
16
44

10
16
74

Component, kg
Coconut oil
Sunflower oil

161
41

0
41

Fatty acid composition analysis, % fat
Saturated
Monounsaturated
n-6 PUFA

52
14
34

12
22
66

Total energy, % kcal
Saturated
Monounsaturated
n-6 PUFA

20
6
14

1
2
7

Composition of the high (HF) and low (LF) diets is expressed as shown and as
a percentage of the total calories.

4.2.4 Surgery
All the mice were subjected to the same surgery protocols as each other. All
procedures were approved by Animal Ethics Committee of Wollongong
University under approval number of AE00/08.

4.2.5 Anaesthetics
All mice were sacrificed with an overdose of sodium pentobarbitone
anaesthesia – Nembutal (120mg/kg, I.P.) (Bayer, Australia) at a fixed time
between 0700 and 0900 hours.
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4.2.6 Removal of Adipose Tissue Samples
The whole of the Epididymal fat pad from the mouse in each group was
removed, weighed and fixed in 4% phosphate buffered formaldehyde.

4.2.7 Paraffin Sectioning
The mouse adipose tissue was removed from the fixative and rinsed in 0.1M
PBS. If a large sample had been taken, then the tissue was cut down to
approximately 5mm and placed in a labelled cassette and loaded into a Sakura
Tissue-Tek® VIP tissue processor. The process of dehydration and infiltration
with paraffin wax took approximately 1 day.
Once the cycle was complete the tissue was removed from the cassettes and
placed into steel moulds, embedded in liquid paraffin and set on a cold plate at
–50C. The blocks of tissue were then cleaned and trimmed on a microtome. The
sections were also stained with Haematoxylin and Eosin using the same
method as the sections cut from the rat adipose tissue.
The process of embedding, cutting and mounting the tissue onto slides was
exactly as used for the FITC labelled rat adipose tissue except all tissue
sections were cut at a thickness of 4µm.

4.2.8 Magellan Analysis (Measuring adipocyte cell diameter, cellularity and
area)
The program Magellan [142] was used to quantify the adipocyte diameter,
major/minor axis ratio and area. This was done by attaching a Camera Lucida
to a normal light microscope (Leitz Dialux 22) and reflecting a computed-
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generated grid onto the field of view. All the lights were switched of in the room
and the voltage of light coming through the microscope was lowered until the
grid could be seen on top of the microscope image. The perimeter of each and
every cell was then individually traced and the information exported to a
spreadsheet in excel. The magnification was set to the 20x objective and three
fields were sampled in the centre of the section. All the cells that lay wholly
inside the grid were counted and quantified. Any cells partly lying outside the
grid were excluded. There were six mice in each group giving a total number of
18 in the study. Hence, there were 18 paraffin embedded blocks of tissue from
which 3 sections of tissue were cut each (at various levels) giving a total of 54
slides. For each slide, three fields of view were used (a total of 162 fields were
counted).

4.2.9 Determining Fat Cell size, Lipid Content and Number
One way to roughly estimate the volume of an adipocyte is to assume that each
cell is spherical. Therefore for an adipocyte of radius(r) 50µm

R=50
_m

4
V = πr 3
3

Volume= 523598 µm3

However to calculate mass of lipid within that sphere we must assume that the
density of lipid is 0.915g/cm3.
To make things easier, we convert everything to g/cm3.
1m = 1 000 000µm
1m = 100cm

Hence,

50µm = 5 x 10-5m, or
50µm = 5 x 10-3cm
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Therefore, using the equation for density, we can solve for mass of lipid by
means of manipulation and substitution.
We know that:

Density =

mass
volume

and

4
Volume = πr 3
3

Therefore by manipulating the density equation we can achieve mass:

Mass = density × volume
By substituting in the values we can calculate Mass (g):
3
4
Mass = 0.915 ×  π 5 × 10 −3 
3


(

)

Which equals 4.79 x 10-7g or 0.479µg.
Therefore expressed as, 0.479µg lipid/cell
This only holds true for adipocytes that are perfectly spherical, but in a paraffin
section not all the measured shapes are perfectly round. Therefore the volume
of a fat cell was calculated by combining the last equation with a stereological
sound equation developed by Rebuffe-Scrive et al. [141] which accounts for the
irregularity of adipocytes.

Volume = π ([3 × SD 2 × d ] + d 3 ) / 6

Mass = 0.915 × {π ([3 × SD 2 × d ] + d 3 ) / 6}
Where SD = the standard deviation and d = the mean fat cell diameter.

4.2.10 Statistical Analysis
The data was analysed using the statistical package ‘JMP’ (SAS Institute, Cary,
NC, USA) by Two-way ANOVA and significant mice group differences were
then ascertained with post hoc Tukey Kramer-HSD test. Body weight gains
were assessed by repeated measures ANOVA test.
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4.3 Results
4.3.1 Body Weight Changes (see figure 4.2 a and b)
All the mice from all the groups started out at similar weights prior to the
changes in diet (dietary intervention) after a weeks feeding on standard lab
chow (p>0.05).

The Diet Induced Obese mice (DIO) were on average heavier compared to the
Low Fat (LF) control mice at the end of the dietary intervention. This weight
(48.45g ±0.99) was significant in relation to the Low Fat (LF) control group
(31.87g ±0.75) (p<0.05). There was no difference in whole body weight between
the DR (39.93g ±1.41) and LF (31.87g ±0.75) groups at the end of the dietary
intervention (p>0.05).

In terms of body weight gain from the introduction of either the high fat or low fat
diets the DIO mice gained the most amount of weight as compared with the LF
mice (p<0.05). The DIO mice gained on average 18.67g (±0.91), the DR mice
gained 11.11g (±1.18) and the LF gained 7.59g (±1.20). There was no
significant difference in the gain in weight between the DR and LF group
(p>0.05).

The DIO mice had the heaviest epididymal fat pad (2.84g ±0.16) in comparison
with the LF group (p<0.05). The DR group had a heavier epididymal fat pad
(1.70g ±0.14) in relation to the LF group (p<0.05), which had the lightest weight
(1.01g ±0.13) of all three groups (p<0.05).
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Figure 4.2: Mean Body and Pad Weight for DIO, DR and LF mice

A

A bar graph showing the mean whole body weight (in grams) of all the
groups with standard error bars (DIO = Dietary Induced Obese mice, DR
= Dietary Resistant mice and LF = Low Fat mice controls).

B

A bar graph showing the mean epididymal fat pad weight (in grams) of all
the groups with standard error bars (DIO = Dietary Induced Obese mice,
DR = Dietary Resistant mice and LF = Low Fat mice controls).
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4.3.2 Cellular Changes (see figure 4.3 a, b and c)
The largest amount of lipid per cell was found in the DIO mice (0.45µg/cell
±0.01) and was significantly larger (p<0.05) than the DR mice (0.19µg/cell
±0.01) and the LF mice (0.15µg/cell ±0.01). The DIO mice had 236% more lipid
per cell than the DR mice and 300% more than LF mice. There was no
significant difference when comparing the amount of lipid per cell in the DR and
LF mice (p>0.05).

When examining the number of cells per gram of tissue, the LF (7.27x106
±7.58x105) group was significantly greater (p<0.05) in number compared with
the DIO (2.20x106 ± 4.39x104) and DR (5.26x106 ± 2.16x105) groups. A
comparison between the DIO and DR groups revealed that there was greater
number of cells per gram in the DR mice as compared with the DIO mice.

A calculation of the adipocytes per epididymal fat pad showed that the DR mice
(8.79x106 ±4.05x105) had a much larger number in relation to the DIO (6.23x106
±289728) and LF (6.98x106 ±4.95x105) mice (p<0.05). The DIO and LF group
however did not display a significant difference between the numbers of
adipocytes per pad (p>0.05).

Michael Cartwright – MSc (Honours) Thesis

161

Figure 4.3: Adipocyte cell size and number for DIO, DR and LF mice

A

A bar graph showing the mean µg of lipid per cell of all the groups with
standard error bars (DIO = Dietary Induced Obese mice, DR = Dietary
Resistant mice and LF = Low Fat mice controls).

B

A bar graph showing the number of adipocytes per gram of epididymal
adipose tissue of all the groups with standard error bars (DIO = Dietary
Induced Obese mice, DR = Dietary Resistant mice and LF = Low Fat
mice controls).

C

A bar graph showing the number of adipocytes in the whole epididymal
fat pad of all the groups with standard error bars (DIO = Dietary Induced
Obese mice, DR = Dietary Resistant mice and LF = Low Fat mice
controls).
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4.4 Discussion
4.4.1 Body Weight Changes
Based on the results gathered from these experiments we can see the effects of
high levels of fat in the diet and moreover how individuals respond to dietary
changes in terms of body weight. It is important to remember that these mice (in
all groups) were housed in cages that did not permit large amounts of exercise,
which would have increased energy expenditure. Therefore, all groups were
relatively sedentary pre and post dietary intervention.

It was shown that the DIO group gained a significant amount of weight when
exposed to a diet high in energy. This is because they were unable to match the
amount of energy expenditure with the amount of energy intake (high fat diet),
which resulted in positive energy balance and subsequent storage (expansion
of the fat pad). As discussed earlier in the introduction, this is a common
phenomenon in all animals. Others who have conducted similar experiments
have demonstrated the same results [137, 138]. In contrast, the mice of the DR
and LF (control) groups showed an increase in body weight but not in the same
proportions as the DIO group. This trend is understandable for the LF (control)
mice that could have eaten the same quantity of food as the DIO mice, but due
to the dietary compositional differences, consumed relatively smaller amounts
of total energy compared with the DIO group. The DR group however did not
put on the same amount of weight as the DIO mice. This was expected since
both DIO and DR mice were selected from opposite ends of the same
population sample.
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Looking specifically at the epididymal fat pad, it was shown that the DIO group
had the heaviest pad followed by the DR and then the LF group. Differences in
the weight of the pads from each group were shown to be significant. When all
compared they mirrored the final body weights to a certain degree. Again the
differences observed between DIO and DR mice were due to the experimental
set up and were of no surprise. The epididymal fat pad has been studied
previously with respect to development and growth in pad size. In rats, Obst et
al. noticed that after 15 weeks of age the epididymal fat pad was the only pad to
slow in growth [143]. With regards to obesity, Bourgeois et al. found that the
epididymal fat pad of mice fed a high fat diet increased in size similarly with
other depots [137].

4.4.2 Cellular Changes
It was shown that the DIO mice had a definite increase or hypertrophy of
adipocyte cell volume (+300%) as compared with the LF group. These results
are in keeping with previous studies which have also shown that animals fed a
high fat diet produce larger adipocytes than the LF controls [27, 137, 138, 143145]. Most of these studies have been performed on mice [137, 138, 145]
although there were some rat studies [138, 143]. These studies looked at the
effects of diet on adipocyte volume and number in both various pads (all
including the epididymal depot) and various strains of mice and rats. When
comparing the results found in this study with previous research, there were
obvious differences in the extent of volume increase found in the adipocytes of
the epididymal fat pad. This is to be expected because each experimental set
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up was slightly different. For example, there were different strains of mice used,
the mice were kept on the diets for different lengths of time, the composition of
the diets were slightly different and the age of the mice varied. The overall
consensus however was that regardless of absolute differences, when
compared with the control groups all the studies including this one showed that
the epididymal adipocyte cell size had increased significantly compared with the
internal control groups after dietary intervention.

It could be said that this section of work therefore presents nothing new neither
adding nor challenging the current conclusions in regards to diet induced
obesity. This is true in part; however there have been few studies whereby the
two ends of the same population have been studied. There were two papers by
Obst et al. and Tansey et al. [143, 146] that related to this experimental
construct, though they both studied different aspects of the adipose tissue. Obst
et al. looked at the developmental stages of obesity with age and diet and
Tansey et al. studied the role of Perilipin (a modulator of triglyceride metabolism
in adipocytes) in various diet models. This then begs the question, why do the
DR mice exhibit the similar response to the LF mice when fed the same diet as
the DIO mice? The results showed that there was no difference between the
amount of lipid per adipocyte for the DR and LF mice, but there were significant
differences when comparing LF with the DIO mice. It is through the individual
comparison of DR and DIO mice with LF mice that the different cellular
responses of the DR mice can be interpreted.
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4.4.3 Hypertrophy versus Hyperplasia
It is interesting to note that even though the DIO mice had a larger average
adipocyte size (µg of lipid/cell) their cell/gram and cell/pad were the lowest on
average compared with the DR and LF mice. Conversely, the DR mice
exhibited a smaller adipocyte size but had the largest number of cells/pad. This
would suggest that the expansion seen in the fat pads of the DIO mice is
probably due to an overwhelming increase in adipocyte size (hypertrophy)
rather than an increase in adipocyte number (hyperplasia). This is further
emphasized by the results of the LF group who had the smallest pad weight and
cell size but had a slightly greater number of cells/pad as compared with the
DIO mice.

The DR mice had the next largest epididymal pad behind the DIO mice and
their cell size was much smaller than DIO (but not significantly different from the
LF mice). The cells per pad of the DR mice, however, were greater in number
compared with the DIO and LF mice; this suggests that these mice increase
their fat pad through hyperplasia. The LF mice who had the smallest fat pad and
smallest cell size overall, had a similar number of cells/pad compared with the
DIO group; this could imply that the LF epididymal fat pad has increased slightly
through a combination of adipocyte hypertrophy and hyperplasia, although it
would be hard to say for sure.

There probably was a degree of hyperplasia in the DIO mice, for this has been
shown to occur in all animal species when exposed to similar dietary
modifications [143, 145], however not to the extent shown in the DR mice. It’s
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hard to comment as to the change in degree of cell number from beginning to
end of the dietary program since a biopsy of adipose was not taken prior to
commencement of the dietary intervention. The weights, age and initial food
type were all controlled to minimise the variance in cell size and number so that
all the mice started out on their diets being presumably similar in morphology.

Lemonnier and co-workers found similar results to this study in that their mice,
when fed a high fat diet, exhibited an expansion of the epididymal fat pad
through hypertrophy rather than hyperplasia [137, 138]. They also found that
different fat pads expanded through different means. The perirenal depot
expanded through hyperplasia, the parametrial depots through a combination of
hyperplasia and hypertrophy and the subcutaneous through hypertrophy.
Herberg et al. found data from metabolically intact NMRI (Naval Medical
Research Institute) mice that were contrary to this study and to the results of
Lemonnier and co-workers [145]. They found that when these mice were
exposed to a high fat diet, their epididymal fat pad expanded primarily through
hyperplasia. The differences in the results could be explained by the way in
which the various experiments were set up. The ages of the mice used in this
study and the ages of mice used in the research conducted by both Lemonnier
and Herberg differed greatly. In an investigation into dietary effects of adipocyte
size and number in rats it was concluded by Obst et al. that between 3 and 15
weeks of age, both hyperplasia and hypertrophy were responsible for the
enlargement of fat depots in both healthy and genetically susceptible conditions
[143]. The present study looked at mice fed a high fat diet for 20 weeks from 13
– 33 weeks of age whereas Lemonnier studied mice 4 –17 weeks of age and
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Herberg looked at mice 4 –15 weeks of age. When interpreted in the light of the
conclusions gathered by Obst and co-workers, the differences in the results can
be somewhat explained.

This then begs the question, what occurs first, hypertrophy or hyperplasia of
adipocytes? It is a hard question to answer and this study is limited by its
methodology when attempting to answer this question. To be more precise it
can only draw conclusions as to the cellular changes of adipocytes in the
closing stages. Resolution of the question may involve further investigation, like
previous researchers, into adipocyte changes over a time course achieved
through biopsy work [147] or systematic sacrifice of animals at various ages [81]
and stages of obesity [138, 148]. Even this, however, is not the most reliable
means of conducting this type of research. For as Faust and investigators put it;
increases in the adipocyte number may not necessarily be a function of
formation of totally new adipocytes, rather a result of adipocyte hypertrophy and
thus increased detectability [27].

As discussed earlier in the introduction, the currently held model of adipose
tissue expansion is that adipocytes expand until they reach a critical mass
(0.8µg of lipid) after which new pre-adipocytes are recruited and filled with lipid,
hence producing a notable expansion in the number of adipocytes. This
paradigm is in part true for most cases in the animal kingdom but is probably an
over simplification and requires more explanation for, as seen in this study and
others, it does not always hold true in every case. Since the evolution of the
‘critical fat cell mass’ concept [27] other researchers have evaluated the

Michael Cartwright – MSc (Honours) Thesis

169

concept and suggested/identified other local factors that influence the
occurrence of hypertrophy and hyperplasia in individual fat depots. Marques et
al. showed that the amount of paracrine growth factors played a vital role in
controlling adipogenesis (hyperplasia) of fat pads in obese rats and could be
secreted by enlarged adipocytes [149]. Crandall et al. showed that atrial
natriuretic peptide (growth inhibitor) and transforming growth factor alpha
(growth promoter) were expressed in different levels in the epididymal and
perirenal fat pads of rats which affected the overall cell size and number [150].
The expression of various metabolic related receptors also have been reported
to impact either directly or indirectly upon fat deposition and its mechanism of
expansion through hypertrophy/hyperplasia [151-153]. Therefore the expansion
(hypertrophy/hyperplasia of adipocytes) of fat depots in animals is not attributed
to one easily explained mechanism. Rather it is an array of many local and
systemic factors and when these factors are considered together they form the
picture to complete the complex puzzle that is obesity.
4.4.4 Possible Mechanisms
The question still remains, why do individual mice of the same strain respond
differently with regards to weight gain when fed exactly the same high fat diet
for exactly same time course? More importantly, what qualities do these ‘diet
resistant’ individual mice possess that cause them to minimise the amount of fat
stored as adipose tissue? In humans this same question is clearly manifest
because one person can seem to eat what they like and not gain weight whilst
their neighbour only has to look at food and stacks on pounds!
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There are many possibilities that could explain the results that were observed.
Obesity is a complex maze with many internal and external aspects that can
change, which is what makes solving the problem so difficult – there is always
more than one story that could be told.

There is the possibility that the mice that became the DR group may have
consumed less food than the mice that formed the DIO group. Another
explanation could be that the DR and DIO mice could have started the dietary
intervention with both different adipocyte sizes and numbers. Alternatively two
emerging ideas originally put forth by Ravussin and Smith last year [25] may
help explain some of the questions raised about the diet resistance mice.

One might argue that the results could be influenced by something simple such
as the food intake of the mice in each group because they may not have
consumed the same amount of food daily. One way this could have been
addressed would have been to monitor the food intake daily of the mice over
the 20-week dietary intervention. In a study by Herberg et al. this was
performed, though it was shown that absolute food intake, did not necessarily
dictate the degree of obesity [145]. They studied mice on high and low fat diets,
finding that both had identical food intake however the high fat mice were twice
the weight of the low fat controls. They suggested that composition of the diet
could affect metabolic pathways, which in turn determines the amount of energy
stored as triglycerides [145]. This helps explain differences between the DIO
and LF mice in terms of eating habits and weight gain. Although it still fails to
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discount the idea that the differences between DIO and DR could be due to a
decreased consumption of the high fat food supplied.

The starting morphology of the adipose tissue of the mice could very well play a
big role in explaining what is observed between the DIO and DR mice. If the
DIO mice began the dietary intervention with fewer adipocytes (relative to the
other mice) and only filled those up with the excess lipid consumed without
recruiting pre-adipocytes, then this is credible mechanism for the expansion
seen in the DIO mice. The opposite could also be true if the DR mice began the
dietary intervention with many more adipocytes (relative to the other mice) and
did not fill them up as much as the DIO mice. This may have occurred, for
example, through decreased consumption of food relative to the DIO mice. The
only way to delineate this would be to have taken a sample from the mice predietary intervention and compared it with the samples removed at the end of the
study. Again the same problems faced in chapter 4.4.3 arise in regards to
sampling and detectability.

Ravussin and Smith [25] challenged the commonly held view of the ‘Portal
Hypothesis’, which was a theory put forth by Bjorntorp [24] to help explain the
correlation that exists between obesity and type II diabetes. The portal
hypothesis in brief suggests that increases in adipose tissue around the visceral
depots are associated with elevated plasma levels of free fatty acids in the
portal vein circulation, causing insulin resistance. While this paradigm makes a
lot of sense, it does not explain why insulin resistance has been correlated with
the quantity of subcutaneous adipose tissue in non-diabetic and type II diabetic
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subjects [25]. According to Ravussin and Smith there is mounting evidence that
does not support Bjorntorp’s hypothesis and they have put forward two new
ideas which fit in nicely with this study; ‘impaired proliferation and differentiation’
and ‘impaired fat oxidation’ [25].

4.4.4.1 Impaired Proliferation and Differentiation
The adipocyte originates from an undifferentiated mesenchymal stem cell [154].
In addition, the same mesenchymal stem cell can, via numerous specific
pathways, differentiate into endothelium, pericytes, fibroblasts, chondroblasts,
osteoblasts and mast cells [80]. Adipocyte differentiation (or adipogenesis)
occurs through a highly regulated complex system of cascades, which involve
transcriptional and non-transcriptional actions [155]. The basic pathway that
leads to the formation of a mature adipocyte is as follows; mesenchymal stem
cells differentiate (commitment step) to form preadipocytes and then further
differentiate (terminal differentiation step) and fill with lipid to form a mature
adipocyte [156]. The detailed molecular basis for this multi-step process is still
relatively unknown [154]. If there were to be a defect with the process of either
mesenchymal or preadipocyte differentiation and proliferation, then there would
be an impaired recruitment of new adipocytes. This would mean that, in the
presence of excess energy, there would be no other choice than to store it as
lipid in existing mature adipocytes, causing them to grossly enlarge or
hypertrophy. This is one of Ravussin and Smith’s arguments in their review
article [25] and is exactly what is seen in the DIO mice. Their adipocytes had
the largest mass of all the groups and had the fewest cells. There is a finite size
to which adipocytes will expand [31] and without an adequate increase in cell
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number to accommodate the influx of lipid where does it all get stored?
Ravussin and Smith suggest that it is stored ectopically (intracellular) in the
liver, pancreas and skeletal muscle [25]. Ectopic intracellular lipid would
decrease insulin action, leading to hyperinsulinemia and hence encourage the
development of type II diabetes. It would be interesting, therefore to repeat this
experimental protocol to investigate whether there is a significant difference in
the intracellular storage of lipid in skeletal muscle, liver and the pancreas of
DIO, DR and LF mice. In contrast, the DR mice had a larger number of
adipocytes than the DIO mice but a vastly smaller adipocyte mass (however still
greater than the controls). This must mean that the differentiation and
proliferation capacity of the DR mice is more intact than that of the DIO mice. It
makes sense then, in light of the results of the DR mice with respect to the DIO
mice, that if the adipocytes are functioning properly in terms of differentiation,
proliferation and storage, then it is quite possible to be overweight and relatively
healthy. Since the excess lipid would be stored in the cells that are designed for
that specific purpose, that is, the adipocytes and not ectopically in the liver or
muscle.

4.4.4.2 Impaired Fat Oxidation
Catecholamines stimulate Hormone Sensitive Lipase (HSL), which triggers the
breakdown of stored triglycerides in adipocytes to form free fatty acids [144].
These fatty acids are transported in the blood (bound to albumin) to skeletal
muscle [37]. Fat oxidation takes place in the mitochondria of skeletal muscle
[157]. Ravussin and Smith [25] point out that if there was an impairment with
one or all of the processes involved in fat oxidation then this may lead to excess
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accumulation of lipid and hence the same ectopic storage problem. In addition,
regardless of impairment, it was also suggested that if there was just simple
reduction in the amount of oxidative apparatus (i.e. decreased mitochondrial
density) then this could influence the rate of fat oxidation. Fat oxidation is
intensified with exercise and in particularly long duration exercise because the
triglyceride is mainly liberated from adipocytes after other short-term energy
stores are exhausted from the liver and muscle [37]. The mice in this study
didn’t have a running wheel attached to their cage but they still had room to
move in their environment and it was enough for them to run around. Therefore
there is the possibility that some were lazier than others, however there is also
the possibility that the DIO mice had relatively less oxidative machinery than the
DR and LF mice, which would produce a similar result. There are a number of
other factors that can modulate fat oxidation such as adipose tissue and muscle
blood flow, neural endocrine and a gamut of carrier proteins and enzymes found
in the mitochondria itself. A defect in any of these factors could easily influence
the rate at which fat is oxidised.

The issue with impaired proliferation/differentiation and fat oxidation is that they
cannot exist in separation of each other. Rather they need to co-exist at some
level for the ectopic storage theory to take place. For example, if there were
impairment in the proliferation and differentiation of adipocyte precursor cells
then it would be expected that other areas of fat metabolism would have to upregulate such as fat oxidation. The reverse would also be true, if there was an
impairment of fat oxidation and there was excess lipid not being used up then it
makes sense to differentiate and fill new adipocytes with lipid, hence taking the
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strain of the oxidation process. The body may want to avoid the situation of
ectopic fat storage at all costs due to the potential risks it presents. Hence, the
need for an impairment of both at the same time to some degree so that the
excess lipid has no choice but to be stored in another location apart from
adipose tissue.
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Chapter 5 – Summary and Conclusions

5.1 Summary
The anatomy of adipose tissue and its associated vasculature to this date has
been poorly described. There is very little literature regarding the relationship
between adipose tissue and vasculature. This study aimed to fill that void by
providing an overview of the anatomy of adipose tissue vasculature beginning
with the arteries that supplied the whole fat pads right down to the
microvascular bed. Four fat pads were described in total, the mesenteric,
parametrial, retroperitoneal and subcutaneous fat pads. It was found that there
were differences in the structure and layouts of the arteries between all the four
pads. There were some similarities discovered however every pad seemed to
have its own distinctive trademarks. This was thought to be a reflection on the
anatomical location of each pad. The microvascular beds from all the pads were
identical in terms of capillary branching segments and layout. The combinations
of either ‘Y’ or ‘Hairpin’ branching shapes could be a function of the capillaries
moulding themselves around the adipocytes. Other features were observed
such as various connective tissue types and arrangements as well as the
presence of mast cells and inflammatory cells.

The aim of the exercise experiment was to elicit a marked change in adipocyte
lipid content, hence resulting in a reduction of total fat store and investigate the
effects of this on the microvascularisation of adipose tissue. Of particular
interest was to examine capillary diffusion distances in relation to the notion that
the microvasculature may remodel after a period of chronic weight loss. Groups
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of rats were exercised for various amounts of time to result in a period
dependent reduction in adipose tissue to further delineate the relationship
between the intensity of weight loss and the possible change in
microvasculature. The results revealed that adipocyte diameter decreased
significantly for the 16, 32 and 64-day rats compared with the sedentary rats
(approximately 3 fold change). The mean capillary diffusion distance also
decreased for the 16, 32 and 64-day rats but not to the same magnitude as the
decreases in diameter. The 128-day rats were not significantly different
compared to the sedentary rats and their adipocyte diameters and mean
capillary diffusion distances only slightly less compared to the sedentary rats.
When combing the results together it was suggested that the capillaries were
remodelling over the time course with changes in weight. A scheme was
proposed for the remodelling of the microvasculature of the fat pad in response
to weight loss. There appeared to be a time spent running and adipocyte cell
size effect but this needs further study to be elucidated.

The animal kingdom has shown throughout its development that individuals
show varied responses when presented with environmental changes. This study
looked at this issue in terms of the weight gain in mice fed either a high fat diet
or low fat diet. Moreover the changes in adipocytes (number and size) of two
cohorts of mice within the high fat fed group were investigated with respect to
the low fat fed control mice. The adipocytes of the DIO mice were thought to
have undergone hypertrophy and then some hyperplasia. The adipocytes of the
DR mice were thought to have undergone predominantly hyperplasia. There
were several ideas as to why there were such differences at the cellular level
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between the DIO and DR mice. These could have been differences in eating
habits, differences in starting adipocyte morphology/composition (size and
number), impaired proliferation and differentiation or impaired fat oxidation.

5.2 New Aspects of Research
There are different ways in which the some of the experiments performed in this
study could possibly be improved to provide clearer results.
5.2.1 The Morphology and Microanatomy of Rat Adipose Tissue
In the original proposal for this thesis, the plan was to experiment with various
anaesthetics to find a drug(s), which induced the least affect on the vascular
patency. This was an important aspect because if the vessels were too narrow
due to the vasoconstrictive qualities of the anaesthetic both the FITC-alb
solution and Microfil compound would not be adequately perfused in the
adipose tissue. This was noticed early on during pilot studies when using
pentobarbitone drugs for anaesthesia.

Due to financial and time constraints these set of experiments were never
performed. Urethane was used because it was a cheap compound. In addition
out of the list of drugs available at the time (Nembutal, Ketamine, and Xylazine)
it was recommended by various anaesthesiologists to elicit the slightest effect
on vessel lumen diameter. If this type of experiment were to be attempted again
it would be prudent to trial different drugs eg. Fentanyl and Etomidate to see
what affects the anaesthetic may have on the results.
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5.2.2 The Microvascular Unit and its Response to Weight Loss
The capillaries in this experiment were labelled using an in vivo technique
whereby FITC-alb circulated throughout the body of the rat prior to sacrifice. It
was found that during the analysis on the confocal microscope that FITC had a
short fluorescent half-life once exposed to the laser at 488nm. This meant that
the fluorescence faded quickly and if the results needed to be replicated again
on the same sections the signal would be greatly reduced.

If this part of the experiment were to be repeated again it would be
recommended that a different fluorochrome be conjugated to the plasma
proteins in place of FITC for example cy-3, cy-5 or Alexa Dyes, which have a
much longer half-life. FITC was used because it was affordable and other
researchers had used it before.

5.2.3 Dietary Induced Obesity
The study was set up to investigate the effects of dietary induced obesity on the
cellularity of adipose tissue in normal healthy mice. This experiment proposed a
different model of diet-induced obesity in healthy wild-type mice. It was
designed to investigate the two cohorts of mice that consumed a high fat diet.
The first selected as the centile of mice at the top of the distribution curve for
body weight and the second at the bottom of the distribution curve for body
weight. This however cuts out a big section of the population of high fat eaters
who existed between these two parts of the distribution curve (DIO and DR)
mice. One would assume from the results in chapter 4 that the mice that were
not sampled from the population of high fat eaters should exhibit adipose tissue
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cellular qualities somewhere in between the DIO and DR labelled groups. If the
experiment were to be performed again the same method could be applied but
samples could be taken from all the mice eating the high fat food. The mice
could be ranked in order from heaviest to lightest and the previous method of
labelling mice either DIO or DR done away with. Using regression analysis to
assess changes in adipose tissue cellularity the whole population of high fat
eaters could be analysed. This could provide a more comprehensive picture
rather than just two snapshots of either extreme.

5.3 Implications of this Research and Future Directions
From this present study several possible avenues of research could be explored
using similar methodologies but with additional techniques.

A study to confirm the presence, number and type of inflammatory cells (for
example macrophages, neutrophils and mast cells) that were observed in
amongst the adipose tissue (in chapter 2) could be potentially very interesting
and informative. This could be performed by the use of inflammatory markers to
label specific cells. One such hypothesis to be explored, using the
aforementioned technique, would be to proved/disprove that these inflammatory
cells are present in order to phagocytose and clean up dead capillaries because
of remodelling brought about by adipose tissue loss.

In addition to studying adipose tissue using inflammatory markers could be the
exploration of the potential use of TUNEL Immunohistochemistry [50]. If the
capillaries were remodelling, brought about by adipose tissue loss, then they

Michael Cartwright – MSc (Honours) Thesis

181

would doing this through either necrosis or apoptosis of the capillary
endothelium. The use of TUNEL Immunohistochemistry would show whether it
is occurring through the process of apoptosis. Rupnick et al. showed that
capillaries underwent a process of apoptosis when they remodel and
demonstrated this through the use of apoptotic tag TUNEL [50]. Although they
brought about this change in the capillaries using an anti-angiogenic compound
and not naturally as proposed in this study, that is, through exercise.

The use of Strahler analysis could be explored more deeply in regards to
exercise and changes of adipose tissue microvasculature with weight loss.
Applying the Strahler analysis method could potentially investigate whether or
not there is a relationship between branching order vessels and size of
adipocytes before and after exercise. The exercise protocol would be similar to
this study using voluntary running rats but with some modifications such as
investigating distance run rather than duration of time. The histochemistry could
be done quite easily using similar methods presented in this study in
conjunction with specific vascular markers or the use of Microfil.

As far as the literature shows this has been the first study to use a casting
technique to investigate adipose tissue vasculature. Since this was a first
attempt there were some teething problems faced. The main problem was that
in some instances there was partial or incomplete penetration of the Microfil into
the micro-vessels. Some of the problems could have been caused either from
the Microfil being too viscous or the adipose tissue capillary beds being poorly
perfused. If Microfil were to be in the future, then modifications are required to
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improve the penetration of the compound into the vasculature (see chapter
5.2.1).

One aspect of further research into the dietary intervention study of chapter 4
would be to investigate the use of β3 and UCP2 In situ hybridisation. It would be
interesting to explore the amounts of expression of these receptors in adipose
tissue since they appear to be linked closely with fat oxidation regulation [151].
Furthermore it would be important to see if there is a correlation between the
cellular responses of all the high fat fed mice and the low fat fed mice with
amounts of expression.

Researchers need to adopt an open mind when addressing changes in the
capillary and adipocyte relationship in response to weight loss. For adipose
tissue has been shown to be unique in the way it responds to different
changes/stimuli and its cellular structure compared to most tissues found in the
body. Hamilton and Kamp realised this and challenged the current mode of
thinking whereby free fatty acids are transported across the membrane in
similar fashion to glucose [158]. They suggested that transport occurs chiefly by
simple diffusion across the bilayers with only a few non-specific protein
transporters, which have other established functions.

What is actually happening when the blood reaches the capillaries? Moreover,
what is happening to the free fatty acids bound to albumin and triglycerides
found in lipoproteins when they reach adipocytes? Plenty is known about how
fat arrives via the arteries, but what about when it reaches the capillaries? For
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example, what if there were tight junctions between the endothelial cells of
adipose capillaries forming a blood/adipose barrier? How does albumin then get
into the extracellular space around adipocytes? Does the histamine stored in
the abundant mast cells play a role in regulating the passage of albumin across
the endothelium? In this regard it is interesting to note that Abolhasan [58]
noted sympathetic nerves in close association with many mast cells. This could
have significant effects on the way fatty acids are transported from capillaries to
adipocytes. These investigations would have significant implications to the way
in which lipid storage is viewed and to the process of weight gain and loss.
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Appendix

Appendix A: Making Up the Rat Washout Saline
Using a 2 litre glass beaker, 1 litre of distilled water was measured out to which
60 grams of Polyvinylpyrolidine (PVP) (PVP-40T, Sigma-Aldrich, USA) and 9
grams of NaCl (465, AJAX Chemicals, Australia) were added and dissolved at
500C using a magnetic flea on a heated stirring pad. This took about 1 hour with
careful watch to make sure the temperature didn’t exceed 550C, otherwise the
PVP would denature. The PVP being a colloid took the longest time to dissolve.
Once all the compounds had been dissolved and the solution had returned to
room temperature; 10,000 units of heparin, (10units/ml) (101932, ICN,
Australia), 12mg of Papaverine (a smooth muscle relaxant) (P3510, SigmaAldrich, USA) and 10ml of 0.1% Sodium Azide (S2002, Sigma-Aldrich, USA)
were added. 2 grams of Sodium Bicarbonate (S6014, Sigma-Aldrich, USA) was
added along with 5 grams of Phenol Red Indicator powder (P4633, SigmaAldrich, USA). The solution was then suction filtered and decanted into 300ml
Schott bottles and autoclaved. The washout media was stored at 40C until
ready to be used. Just prior to surgery, the washout medium was brought to
room temperature and for 30 minutes had Carbogen (5% CO2 in O2) (BOC
Gases, Australia) bubbled through it to increase the Carbon dioxide and
Oxygen levels of the solution in order to aid in the perfusion by maximizing
vasodilation. The colour of the solution went from an orange red colour to a rich
raspberry colour, indicating that the solution was basic. The washout medium
was loaded into the perfusion apparatus and warmed to approximately 30-350C.
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Appendix B: Microfil Mixing Ratios and Curing Time
The Microfil microvascular casting liquid (FlowTech, USA) was made up 5
minutes prior to perfusing it into the rat, it was made by adding 5 parts diluent to
4 parts colouring agent in a 20ml scintillation vial. Just prior to loading the
mixture into the syringe barrel a quantity of curing agent (Stannous Octoate)
totalling 5% of the final volume was added. The Stannous Octoate also
contained an Ethyl Salicate additive, which aided in strengthening the set
mixture by cross-linking the molecules. Once the curing agent was added to the
mixture, it took 3 hours to totally set.
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Appendix C: Preparing Buffers and Fixatives
0.1M Phosphate Buffered Saline (PBS)
In 1 litre of distilled water (dH2O), 3.12g of NaH2PO4.2H2O (AR NADIHO*500,
Fronine, Australia) and 11.36g of Na2HPO4 (anhydrous) (DINAHO*500, Fronine,
Australia) were added whilst on a magnetic stirring pad. Once the two
compounds had dissolved, 8.5g of NaCl were added to the solution. The pH
was checked and adjusted accordingly to 7.4 using HCl (AR HCL36/*2G,
Fronine, Australia) or NaOH (AR 482, APS, New Zealand). The buffer solution
was then stored in a 1-litre Schott bottle at 40C until ready for use.

0.4M Phosphate Buffer
In a 1-litre glass beaker, 45.42g of Na2HPO4 (anhydrous) and 12.48g of
NaH2PO4 (anhydrous) were dissolved into 900ml of dH2O with heat on a stirring
pad. The pH was then adjusted to 7.4 using HCl or NaOH accordingly. The
final volume of the solution was made up to 1 litre with dH2O and stored in a 1litre Schott bottle at room temperature until used. It was important not to store
this solution in the fridge as the phosphates crashed out of solution.

Zamboni’s Fixative
This fixative was used specifically for Immunohistochemistry and Fluorescence
staining. Firstly, the buffer solution was made by dissolving 17.89g of Na2HPO4
and 3.74g of NaH2PO4.2H2O in 1 litre of dH2O. Then 20g of Paraformaldehyde
(P6148, Sigma-Aldrich, USA) was added to 200ml of the buffer solution and
heated to 550C on a magnetic stirring heat pad. It was essential that the
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temperature did not exceed 600C. After approximately 1 hour had passed and
all the Paraformaldehyde had dissolved, a few drops of 10% NaOH was added
in order to clear the solution. Once this was achieved, the solution was then left
in the fume hood to cool to room temperature. 150ml of filtered saturated Picric
acid (925-40, Sigma-Aldrich, USA) was then added along with more dH2O to
make up the solution to a final volume of 1 litre. The fixative was then stored at
40C until ready for use.

1% Formaldehyde and 1% Glutaraldehyde Fixative
This fixative was used for Immunohistochemistry and Haematoxylin and Eosin
Staining. In a 1litre glass beaker, 25ml of formaldehyde (38.0-39.9%
concentrate) (JJ0141, Fronine, Australia) and 40ml of glutaraldehyde
(8.14393.0100, Merck, Crown Scientific, Australia) were added to 250ml of
0.4M phosphate buffer, pH 7.4. Enough dH2O was added to bring the solution
to a final volume of 1 litre. This was kept at 40C until ready for use, however it
was not meant to be made up and stored for long periods of time because the
glutaraldehyde had a tendency to oxidize once it had been added to the
solution. It was possible to make up and store the solution minus the
glutaraldehyde and just simply add it when the time came near for use.

4% Formaldehyde Fixative
This fixative was used for fixing the tissue that was removed from the mice and
the whole pieces of tissue removed from the run and sedentary rats. 100ml of
formaldehyde solution (38.0-39.9% concentrate) was added to 250ml of 0.4M
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phosphate buffer, pH 7.4. This was then made up to a final volume of 1-litre with
dH2O.

Making Gelatinised Slides
The slides were gelatinised in order to ensure good adhesion of tissue as well
as minimizing discolouration of the slide during the staining process. Slides
were mounted into racks and placed into a dishwasher set onto glassware
program and washed using powdered DECON acid-wash detergent. A 1.5 litre
solution of 1% gelatine was made by dissolving 15g of gelatine (1080, AJAX
chemicals, Australia) into 1.5 litres of pre-heated distilled water. A formaldehyde
solution was then made by adding 2ml of formaldehyde (40%) to 1.5 litres of
distilled water. The slides were dipped into the gelatine solution for a few
seconds and then drained briefly. The slides were finally dipped into the
formaldehyde solution for a few seconds. The slides were then dried using a fan
heater for a day.
Making up Haematoxylin
10ml of alcohol 5g of Haematoxylin (H-9627, Sigma-Aldrich, USA) was
dissolved. To 250ml of heated distilled water, 50g of Potassium Aluminium
Sulphate (1.01047.1000, Merck, Crown Scientific, Australia) was added and
continually heated until completely dissolved. Once this had cooled 450ml of
distilled water, the Haematoxylin solution, 1g of sodium iodate (S4007, SigmaAldrich, USA), 20ml of acetic acid (JJ0011, Fronine, Australia) and 300ml of
glycerol (10118.6M, Analar, Crown Scientific, Australia) were added. The final

Michael Cartwright – MSc (Honours) Thesis

198

solution was then filtered and stored in a dark bottle for at least two weeks prior
to use in order to ripen.
Making up Eosin
The alcoholic Eosin was made by adding 10ml of 5% Aqueous Eosin (E-8017,
Sigma-Aldrich, USA) and 2.5ml of 1% Phloxine (P-2759, Sigma-Aldrich, USA)
to 190ml of 95% Ethanol. 1ml of Glacial Acetic Acid (JJ0011, AR, Fronine,
Australia) was then added to mature the Eosin solution.

Making up 10% Lithium Carbonate differentiating solution
A saturated stock solution was made, in a fume hood, by dissolving powdered
Lithium Carbonate (L-3876, Sigma-Aldrich, USA) in dH2O until a white
precipitate began to form at the bottom of the bottle. This was then kept in the
dark until ready for use. The differentiating solution was then made by adding
20ml of stock Lithium Carbonate solution to 180ml of dH2O.
Double Subbed Slides
The double subbed slides were used for whole-mounted rather than the normal
gelatinised slides because they were slightly stickier and held the tissue to the
slide better, particularly during the staining process. The slides were washed in
a dishwasher using dri-decon powder and allowed to thoroughly dry in a dust
free environment. A solution of 1.5% gelatine and 0.05% Chromium Potassium
Sulphate (C5926, Sigma-Aldrich, USA) was made up in distilled water. The
double subbed slides were made by soaking the pre-washed slides in the
gelatine solution for 10 minutes and then allowed to dry in a 370C oven. The
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slides were then subbed for a second time in the gelatine solution and dried
again.

0.5% Cresyl Violet Staining Solution – pH 3.9
In a fume hood, 5g of powdered Cresyl Violet acetate (C-1791, Sigma-Aldrich,
USA) was carefully weighed out and dissolved into 600ml of distilled water. To
this solution 60ml of 1M Sodium Acetate and 340ml of 1M Acetic Acid were
added. The whole solution was then mixed on a magnetic stirrer for 3 – 7 days,
then filtered and stored until ready to use. Just prior to use, then Cresyl Violet
solution was filtered.
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Appendix D: Camera Lucida View

This image shows the view that is seen through a light microscope using a
camera Lucida attachment. The image to Lucida overlay can be adjusted using
different light intensities.
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Appendix E: Strahler Diagram Chi Squared Test
Chi Squared Test of the number of vascular branching found in the various fat
pads. Expected counts are printed below observed counts.

Order
1
2
3
4
Total

Mesenteric Parametrial Retroperitoneal Subcutaneous
72
107
54
38
72.37
106.24
53.89
38.49
37
57
28
20
37.92
55.67
28.24
20.17
19
29
17
11
20.30
29.80
15.11
10.80
13
14
6
6
10.41
15.29
7.76
5.54
141
207
105
75

Chi-Squared =

0.002 + 0.005 + 0.000 + 0.006 +
0.022 + 0.032 + 0.002 + 0.001 +
0.083 + 0.021 + 0.235 + 0.004 +
0.642 + 0.109 + 0.397 + 0.038 = 1.601

Degrees of Freedom = 9, P-Value = 0.996

Total
271
142
76
39
528
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Appendix F: Normal Distribution Graphs

Descriptive Statistics
Variable: C1
Anderson-Darling Normality Test
A-Squared:
P-Value:

22

26

30

34

38

42

46

95% Confidence Interval for Mu

0.439
0.287

Mean
StDev
Variance
Skewness
Kurtosis
N

36.9541
4.6576
21.6936
-4.9E-01
0.775082
87

Minimum
1st Quartile
Median
3rd Quartile
Maximum

21.0058
34.0011
37.5025
39.7564
47.5307

95% Confidence Interval for Mu
35.9614
35.8

36.8

37.8

38.8

37.9468

95% Confidence Interval for Sigma
4.0535

5.4750

95% Confidence Interval for Median

95% Confidence Interval for Median

36.2648

38.6659

This figure represents all the R50 values from every pad and all rat groups together. It is
shows that there was a normal distribution of R50 for the population studied.

Descriptive Statistics
Variable: R50
Fat PadM=1P=: 3

Anderson-Darling Normality Test
A-Squared:
P-Value:

22

26

30

34

38

42

46

95% Confidence Interval for Mu

0.342
0.470

Mean
StDev
Variance
Skewness
Kurtosis
N

37.0901
3.9833
15.8664
-3.2E-01
-6.0E-01
29

Minimum
1st Quartile
Median
3rd Quartile
Maximum

29.3843
34.8669
37.5025
39.3565
43.8523

95% Confidence Interval for Mu
35.5749
35.5

36.5

37.5

38.5

39.5

3.1610
95% Confidence Interval for Median

38.6052

95% Confidence Interval for Sigma
5.3872

95% Confidence Interval for Median
35.4765

39.3084

This figure represents all the retroperitoneal R50 values for all the rat groups together. It
shows that the retroperitoneal R50 values had a normal distribution.
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Descriptive Statistics
Variable: R50
Fat PadM=1P=: 2

Anderson-Darling Normality Test
A-Squared:
P-Value:

22

26

30

34

38

42

46

95% Confidence Interval for Mu

0.362
0.421

Mean
StDev
Variance
Skewness
Kurtosis
N

37.9276
4.9057
24.0655
-2.9E-01
0.354128
29

Minimum
1st Quartile
Median
3rd Quartile
Maximum

26.4731
35.3873
38.0443
40.9834
47.5307

95% Confidence Interval for Mu
36.0616
36

37

38

39

40

39.7936

95% Confidence Interval for Sigma
3.8930

6.6347

95% Confidence Interval for Median

95% Confidence Interval for Median

36.7962

39.5461

This figure represents all the parametrial R50 values for all the rat groups together. It
shows that the parametrial R50 values had a normal distribution.

Descriptive Statistics
Variable: R50
Fat PadM=1P=: 1

Anderson-Darling Normality Test
A-Squared:
P-Value:

22

26

30

34

38

42

46

95% Confidence Interval for Mu

0.376
0.390

Mean
StDev
Variance
Skewness
Kurtosis
N

35.8447
4.9420
24.4230
-8.4E-01
1.50719
29

Minimum
1st Quartile
Median
3rd Quartile
Maximum

21.0058
33.4967
35.4320
39.3654
44.4743

95% Confidence Interval for Mu
33.9649
34

35

36

37

38

39

3.9218
95% Confidence Interval for Median

37.7245

95% Confidence Interval for Sigma
6.6838

95% Confidence Interval for Median
33.9797

38.6671

This figure represents all the mesenteric R50 values for all the rat groups together. It
shows that the mesenteric R50 values had a normal distribution.

204

Michael Cartwright – MSc (Honours) Thesis

Appendix G: Energy Intake of DIO, DR and LF Mice

Results of mean energy intake of the Dietary Induced Obese (DIO), Dietary
Resistant (DR) and the Low Fat (LF) fed mice for the 20-week period. Mean
values and SEM are included. H= hours.
Energy Intake
(kcal/mouse/day)

DIO
(n=6)

DR
(n=6)

1h after 12h fasting

1.15±0.78

1.49±0.45

LF
(n=6)

P value

1.91±0.39
c

3h after 12h fasting

3.12±0.64

2.65±0.16

24h after 12h fasting

21.98±0.93b,c

18.47±0.93a

4.46±0.53

0.6448
b

15.38±0.77a

0.0492
0.0004

The DR mice were statistically significant compared to LF mice after 3 hours of
re-feeding (p=0.0492). Whereas the DIO mice were statistically significant
compared to DR and LF mice after 24 hours of re-feeding.

